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Abstract 
 
The goal of this project was to test the efficiency of a full-scale air stripping process designed to 
remove ammonia and total nitrogen from landfill leachate at the Shanghai Laogang Solid Waste 
Disposal Facility, Ltd., located in Shanghai, People’s Republic of China. Leachate samples were 
collected before and after air stripping, and tested for quality. Overall, air stripping reduced 
ammonia by 4 – 15%, total nitrogen by 0 – 29%, and chemical oxygen demand by 27 – 42%. 
The air stripping process was then redesigned by increasing the treatment time and treatment 
volume to remove 70 – 80% of ammonia from landfill leachate. 
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1 Introduction 
 
 Solid waste is generated all over the world. In developed nations, solid waste is collected 
and disposed of in landfills designed to safely allow waste to decompose. Landfills are also 
designed to collect and remove leachate. Landfill leachate is defined as a high-strength 
wastewater generated as water and moisture collect contaminants and percolate through waste in 
a landfill. Leachate can have negative impacts on public health if it is allowed to percolate into 
the groundwater and therefore leachate collection and treatment is one of the most important 
tasks in solid waste management. 
 There are numerous leachate treatment methods used to reduce the concentration of 
nitrogen and organic content in leachate so that it may be safely disposed. Treatment options 
include aerobic and anaerobic digestion, adsorption and oxidation. Continued development of 
leachate treatment processes is desirable to protect the environment and public health in a cost 
effective manner. 
 In 2007, the School of Environmental Science and Engineering at Shanghai Jiao Tong 
University (SJTU) started a project with the assistance of the Shanghai Laogang Solid Waste 
Disposal Co. Ltd. to test the efficiency and effectiveness of leachate treatment. The treatment 
process was designed by Professor Zhemin Shen and graduate student Sun Hua of SJTU. The 
SJTU project analyzed leachate treatment by Fenton oxidation, coagulation, and air stripping. 
The goal of this Major Qualifying Project (MQP) was to test the efficiency of the air stripping 
phase of the treatment process with regard to ammonia and total nitrogen and to verify the 
parameters of an air stripping model developed by Professor Zhemin Shen and Sun Hua. This 
goal was met by collecting samples from a full scale air stripping unit set up at the Shanghai 
Laogang Solid Waste Disposal Co. Ltd. and testing the samples in the laboratory for chemical 
oxygen demand (COD), ammonia and total nitrogen content to determine the effectiveness of the 
air stripping design.  
2 
2 Background 
  
 Landfill leachate is defined by the U.S. Environmental Protection Agency (U.S. EPA, 
2006) as “water that collects contaminants as it trickles through wastes, pesticides or fertilizers.”  
Leachate is a wastewater that can have negative public health and environmental impacts if it is 
allowed to infiltrate into groundwater.  Landfills are presently engineered to prevent leachate 
from reaching the groundwater and also to collect and treat leachate through various wastewater 
treatment methods. This chapter provides background information on solid waste management, 
landfill design and operation, solid waste disposal, and leachate treatment options. 
 
2.1 Solid Waste Management Practices 
 Landfills are currently the most widely used method for disposing of solid waste. In the 
United States, approximately 55 percent of waste generated is disposed of in landfills, while 28 
percent is recycled and 17 percent is incinerated (Air & Waste Management Association, 2008). 
In 2006, residents, businesses, and institutions produced over 251 million tons of municipal solid 
waste, which is equal to 4.6 pounds of waste produced per person per day (U.S. EPA, 2008).  
The quality of solid waste disposal methods varies all over the world. In developed countries, 
such as the United States, much of Western Europe, and Canada, solid waste practices are 
regulated and, for the most part, do not pose a threat to the environment or public health as a 
result. Specifically, landfills are designed to protect the environment and public health. In many 
newly urbanized countries, waste disposal and waste management issues may be underfunded by 
municipalities compared with funding provided to high profile, visible projects such as building 
airports, highways, and city centers (Stuart and Klinck, 1998). In the developing world, the 
prevailing method for waste disposal is open dumping, often accompanied by burning, with little 
effort towards sanitary landfilling practices such as the use of a daily cover and site selection. 
Consequently, surface and groundwaters can become contaminated, air pollution may result from 
waste burning, and hazardous wastes may not be properly disposed of in a landfill (Stuart and 
Klinck, 1998).  
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2.1.1 Solid Waste Management in China 
 In 2004, over 187 tons of municipal solid waste were generated in China. By 2030, the 
World Bank estimates that China’s residents will generate 473 million tons, more than twice the 
amount the United States is projected to generate (World Bank, 2005). Those figures do not 
include industrial waste generation, which is more than five times higher. The driving forces 
behind the increase in waste generation in China are urbanization, urban population growth, and 
increasing affluence. Urban residents produce two to three times the amount of waste as rural 
residents, as urban dwellers tend to have higher incomes and therefore higher consumption 
patterns than those in the rural areas of China.  
 Solid waste services vary across China, with service levels decreasing from the eastern 
coastal cities to the west (World Bank, 2005). As of 2006, there were 324 active landfills in 
China for the disposal of the municipal solid waste generated in China. Forty three percent of the 
municipal solid waste was landfilled, while 8 percent of the waste was incinerated and 2 percent 
was composted. It is estimated that 30 percent of the waste was recycled and the remainder of the 
municipal solid waste was dumped in landfills that did not meet sanitary landfill status (Haiyun, 
2008). The Asian Development Bank prepared a report in 2001 titled “Strengthening Urban 
Solid Waste Management,” that made recommendations on how to improve solid waste practices 
in China by enhancing the regulatory framework (World Bank, 2005). The report suggested 
changes be made in government priorities, current landfilling practices be implemented in all 
existing and future landfills, and that hazardous waste be disposed of properly.  
 
2.1.2 Regulations in China  
  Table 2.1 provides an overview of the solid waste legislation in China. Arrangements are 
complicated and often overlap, or have areas where no agency is responsible. The Asian 
Development Bank has made a strong argument for improved regulation of solid waste practices 
in China to ensure that newly constructed landfills meet existing and future regulations and waste 
is properly handled (World Bank, 2005).  
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Table 2.1 – Summary of National Chinese Laws and Regulations on Municipal Solid Waste 
(World Bank, 2005) 
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2.2 Landfill Design and Construction 
 As discussed earlier, landfills are used for disposal of waste generated in developed 
countries. Landfills are regulated and engineered so that the waste does not harm the 
environment or endanger water supplies and public health. A concern with the use of landfills is 
contamination of surface waters and groundwaters.  The U.S. EPA (2006) stated that “leaching 
may occur in farming areas, feedlots, and landfills, and may result in hazardous substances 
entering surface water, ground water, or soil.”  Leachate is generated primarily by infiltration of 
water through landfill layers. The leachate generated can migrate into the groundwater when 
layers beneath the landfill are absent or inadequate (Qasim, 1994). Leachate often contains toxic 
chemicals, heavy metals, and organic and inorganic compounds that can be detrimental to public 
health if it is allowed to percolate into the water supply. Therefore, leachate is collected, 
removed and treated and a system of liners is used to prevent the leachate from migrating into 
the groundwater (Waste Management, 2008a). The following sections provide detail on the 
design, construction and operation of solid waste landfills. 
 
2.2.1 Site Suitability 
 The lowest layer in a landfill is the highly compacted prepared subgrade made of the 
area’s natural soil foundation (Waste Management, 2008a). When determining whether or not a 
location is suitable for a landfill, it is very important to know the hydrogeological conditions 
present in the soil. Hydrogeology is the study of the interaction of surface and subsurface waters 
with the geological makeup of a region (Qasim, 1994). Table 2.2 lists general criteria for 
evaluating potential landfill sites.  
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Table 2.2- Soil Characteristics Considered in Determining Site Suitability for Landfills 
(Metry and Cross, 1976) 
Soil Characteristics 
Suitable Range 
(optimum) Unsuitable Range 
Depth to hard rock over 12 ft. less than 4 ft 
Depth to fissured 
rock over 6 ft less than 6 ft 
Depth to gravel or 
coarse sand over 6 ft less than 6 ft 
Drainage well drained any restricted drainage 
Depth to seasonal 
high water 
6 ft. minimum from 
bottom less than 6 ft 
Soil Texture Sandy loam,  fine 
sandy loam, loam, silt 
loam, silty clay loam, 
sandy clay loam 
sand, loamy sand, silt, 
clay, sandy clay, silty 
clay, loam, fly ash 
Slope 0-8 percent over 15 percent 
Stoniness 
not stony, slightly 
stony extremely stony 
Flooding Hazard None Floods more frequently 
than once in 50 years 
Soil reaction Below pH 6.5 Above pH 6.5 
 
 Before a landfill is constructed, the site must be evaluated to see that it is an appropriate 
location for a landfill. The location must not be close to wetlands and flood plains because if the 
leachate inadvertently contacts the water, it would be hard to contain it. In addition, landfills 
should not be built along faults in the earth. In the United States, the U.S. EPA will not allow 
landfills to be built within 200 ft of a fault that has had any displacement (Qasim, 1994). The 
depth of the water table should be as low as possible to prevent any accidental infiltration of 
leachate into the groundwaters. Once the site is deemed suitable for use as a landfill, the 
foundation can be compacted and the landfill constructed.   
 
2.2.2 Liners 
 Liners are impervious, polymeric materials that are used to control leachate from landfills 
(Qasim, 1994). Liners constructed out of geomembranes (impervious, thin sheets of rubber or 
plastic material) are the most impermeable, but have no adsorptive qualities. Soils and clays have 
7 
a much higher adsorptive capacity but are more permeable. A system using both types of liners is 
typically used (Qasim, 1994).  
 Clay soils are often the material considered when constructing liners because of their 
availability.  Not all soils and clays are suitable for liner use though, and must be tested before 
being considered an option. Some clay soils shrink and crack when dry, allowing for the 
potential for leachate to flow through. Impervious clay is used extensively due to its ability to 
remain impervious whether dry or wet (Qasim, 1994). Once a soil is deemed acceptable for use, 
it is compacted into a thick layer, usually 2 – 6 feet thick (Koerner, 1994). Bentonite makes an 
optimum clay liner because it is extremely absorbent and porous, able to hold liquid and become 
impermeable. Compacted clay liners are capable of adsorbing much of the organic pollutants in 
leachate. Soil liners, though, can become dried out, or desiccated, by some chemical solvents 
(xylene or carbon tetrachloride) that may found in leachate.  When desiccation occurs, the soil 
can shrink and channeling of the soil may create small pathways that liquids can flow through.  
In order to prevent the formation of direct channels from the top of a clay layer to the bottom, 
clay layers are generally constructed in lifts.  Each lift consists of about a 6 – 8 inch section of 
clay that is compacted and put into place. This technique helps to prevent direct channeling by 
creating layers. If water percolates through one lift, the flow momentum can be stopped by the 
next lift layer. Quality assurance monitoring and construction techniques are very important 
factors in the success of a clay liner (Qasim, 1994).  
 Most landfills use geomembrane liners in addition to clay liners. Polyethylene is a 
thermoplastic polymer based on ethylene.  While geomembrane liners are designed to be 
impermeable, some chemicals permeate through on a molecular level. Polyethylene liners are 
ultraviolet resistant and are a suitable material for both exposed and buried applications.  They 
are not affected by microorganisms, fungi, or rodent attack, making these liners appropriate for 
use as an underground liner (Qasim, 1994).  
 The most widely used polyethylene geomembrane liner in landfills today is high density 
polyethylene (HDPE) liners, but there are other types of geomembrane liners such as low density 
polyethylene (LDPE) liners and very low density polyethylene (VLDPE) liners (Qasim, 1994). 
HDPE liners provide a good chemical resistance and impermeability to organic liquids.  
 In addition to clay and polyethylene liners, other options include polyvinyl chloride, 
chlorosulfonated polyethylene, and ethylene propylene diene mono rubber liners (Qasim, 1994).  
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Polyvinyl chloride (PVC) liners have good tensile strength, elongation, and puncture resistance 
properties. PVC liners show good resistance to many inorganic chemicals and may be the most 
appropriate liner choice in certain situations. Chlorosulfonated polyethylene (CSPE) liners are 
characterized by heat resistance, good weatherability, and resistance to deterioration by corrosive 
materials such as acids and alkalies.  On the other hand, CSPE liners have a low tensile strength 
compared to other liner options and have a relatively poor resistance to oils. Another option are 
liners made of ethylene propylene diene mono rubber (EPDM). EPDM liners have excellent 
resistance to weather, tolerate temperature extremes, and a resistant to acids and phosphates. 
EPDM liners are not recommended for petroleum solvents (Qasim, 1994).  
 
Table 2.3 - Typical Properties of HDPE Geomembrane (Poly-Flex, Inc., 2006) 
Comparison of Physical and Structural Properties 
of 30 Mil HDPE, VLDPE, and PVC 
Property Test Method HDPE VLDPE PVC 
Gauge, mils ASTM D 1593 30 30 30 
Density (gm/cc) ASTM D 1505 0.950 0.925 1.2-1.4 
Tensile Strength at        
Yield (lb/in) ASTM D 638 75 * * 
Elongation at Yield (%) ASTM D 638 10 * * 
Tensile Strength at Break 
(lb/in) ASTM D 638 125 110 90 
Elongation at Break (%) ASTM D 638 800 1000 300 
Tear Strength (lb) ASTM 1004 22 14 8 
Puncture Resistance (lb) 
FTMS 101 C 
2065 50 45 42 
Moisture Vapor 
Transmission Rate 
(g/m
2
d) 
ASTM E 96 
100°F at 100% 
relative humidity 0.43 0.77 7.30 
  *VLDPE and PVC do not exibit true yield points.       
   1 mil = 10-3 in or 0.025 mm           
    
 Poly-Flex, Inc. (2006) compared the physical and structural properties of 30 Mil (0.75 
mm) HDPE, VLDPE, and Polyvinyl Chloride (PVC). As shown in Table 2.3, HDPE is often the 
best choice for a liner based on its physical and structural properties. HDPE shows the highest 
tensile strength and tear strength compared to VLDPE and PVC liners. Table 2.3 also indicates 
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that HDPE liners are more puncture resistant and have a low moisture vapor transmission rate, 
two very important properties in a landfill liner.  
   
2.2.3 Leachate Collection System 
 Liners are used to prevent the leachate from percolating into the groundwater, and 
leachate removal systems are designed to collect leachate so that it can be removed and treated.  
The leachate collection system directs the leachate into collection sumps which are located at 
low-lying regions where the leachate can form controlled pools (Waste Management, 2008a). 
The leachate collection system is designed with a minimum two percent slope to help the 
leachate drain into a collection sump. A perforated pipe runs through each sump, collecting the 
leachate. Usually the perforated pipes are made of PVC with a diameter of 10 to 15 mm. The 
pipes are installed above the liner in drainage layers filled with gravel.   
 The leachate is pumped through the pipe using a submersible pump to an onsite 
collection tank where it is stored until treatment. The specifications of each pump depend on the 
specific landfill, but typically low flow pumps are used for regular pumping of leachate and high 
flow pumps are also installed for high flow events like large rain storms that exceed the capacity 
of the low flow pumps (Idaho National Engineering and Environmental Laboratory, 2002). 
Figure 2.1 illustrates a cross-section of a typical leachate collection system indicating how the 
leachate is collected. Landfills are designed to contain several leachate trenches like the one in 
Figure 2.1; each one sloped with a perforated pipe running through it to remove the leachate.  
10 
 
Figure 2.1 - Cross Section of a Leachate Collection System (Waste Management, 2008a) 
 
 
2.3 Landfill Operation 
 A landfill that is receiving waste on a regular basis is referred to as an active landfill. 
While a landfill is active, the incoming waste is disposed of in a systematic manner and a daily 
cover is applied. When a landfill has reached its maximum capacity, meaning it can no longer 
receive any more waste, it is referred to as closed. There are several precautions that are taken to 
protect the surrounding environment once a landfill is closed. 
 
2.3.1 Active Filling 
 Waste comes into landfills everyday and adding waste to a landfill needs to be done in a 
systematic manner. Waste needs to be compacted into its designated area in the fill and then 
covered daily to prevent any excess infiltration by precipitation.  
 
2.3.1.1 Incoming Waste 
 Cells consist of compacted areas of trash.  Each cell, depending on the landfill, usually 
contains one day’s worth of trash.  Space is extremely important in a landfill, therefore all trash 
11 
is compacted into cells in order to reduce needless air space that may be able to be used to hold 
more waste. Heavy machinery such as bulldozers, tractors, rollers and graders go over the mound 
of trash numerous times in order to compact the trash as much as possible. Once a cell of trash is 
made, it is then covered with about six inches of soil and compacted further.  The cells are 
arranged in rows and layers. The upper most layer is known as the new cells layer and lower 
layers of trash cells are referred to as old cells.   
 
2.3.1.2 Daily Cover 
 At the end of each working period, the waste is covered with 6 – 12 inches of soil. The 
use of daily cover helps to reduce odors, keep litter from scattering, and deters scavengers like 
squirrels and reptiles from spreading the waste outside the landfill confines (Waste Management, 
2008b). 
 
2.3.2 Closure 
 After a landfill reaches maximum capacity, meaning the landfill does not have any more 
space for more waste, it has the potential to generate leachate for a long period of time unless 
percolation is prevented by closure methods, such as capping and planting vegetation.  If closure 
methods are complete and monitored closely, leachate production should cease shortly thereafter. 
When landfills are no longer active, they are covered with a composite cap and a protective 
cover (Waste Management, 2008b).  
 
2.3.2.1 Composite Cap System 
 The composite cap system consists of a compacted clay layer, a geomembrane liner, and 
a drainage layer. The compacted clay layer is put in place first, directly on top of the daily cover. 
The clay is heavily compacted to prevent any excess precipitation from entering the landfill and 
forming leachate. It also helps to prevent landfill gases from exiting the landfill, reducing any 
odor that would otherwise escape the landfill. The geomembrane layer consists of a impermeable 
liner to further prevent precipitation from entering the landfill and preventing landfills gases 
from escaping. On top of the geomembrane liner is the drainage layer. This layer is typically 
comprised of sand, gravel, or a geonet which is a thick plastic mesh. The drainage layer drains 
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excess precipitation from the protective cover above it in order to enhance stability and prevent 
infiltration (Waste Management, 2008b). 
 
2.3.2.2 Protective Cover 
 The protective cover is made up of layers of protective cover soil and top soil covered 
with vegetation. Located directly above the composite cap system is the protective cover soil that 
protects the landfill cap system and provides added moisture retention to help support the above 
cover vegetation. A layer of top soil is placed over the protective cover soil in order to support 
and maintain the growth of vegetation by retaining moisture and providing nutrients. The top 
layer of a closed landfill is comprised of vegetation. The cover vegetation includes native grasses 
and shrubs that are not only aesthetically pleasing, but also help to prevent the erosion of 
underlying soils (Waste Management, 2008b). 
 
2.4 Leachate Formation 
 As solid waste is disposed of in landfills, it goes through a long process of decomposing 
into leachate and landfill gases. The decomposition of solid waste into leachate is discussed, 
followed by a discussion of various leachate treatment processes. 
 
2.4.1 Solid Waste Decomposition 
 The decomposition process in a landfill occurs in three, overlapping stages in which 
chemical and biological processes result in landfill gases and leachate.  First, aerobic 
decomposition takes place. This phase is relatively short (less than a month) because of the 
limited amount of oxygen in the landfill as well as the high biochemical oxygen demand (BOD) 
of the solid waste.  As the oxygen supply is depleted, anaerobic decomposition starts to dominate 
the decomposition process, beginning the second phase of decomposition. The anaerobic and 
facultative microorganisms (organisms able to thrive with or without oxygen) decompose the 
complex carbohydrates, fats, and proteins to soluble organic compounds through hydrolysis. 
Hydrolysis is a chemical reaction that uses water to solubilize particulates. The newly formed 
organic compounds are then fermented during acidogenesis to volatile fatty acids. Finally, the 
fatty acids are converted during acetogenesis to acetic acid, carbon dioxide, and hydrogen. 
Leachate from this acidic phase usually contains a high concentration of free fatty acids, 
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therefore it has a low pH of around 5 or 6. The leachate also has a high concentration of 
ammonium ion (NH4-N) and both a high organic carbon concentration and a high BOD (Qasim, 
1994).  In the third phase, methanogenic bacteria gradually start to form. Methanogenic bacteria 
are bacteria that produce methane. These bacteria consume the simple organic compounds 
produced in the second decomposition phase, producing carbon dioxide and methane that is 
typically released as landfill gas. The resulting leachate is characterized by relatively low BOD 
levels.  Ammonium ion continues to be released in areas where anaerobic digestion is still 
continuing and concentrations generally remain high in the leachate (Stuart and Klinck, 1998).  
The anaerobic decomposition and methanogenic phases continue over the life of the landfill 
(Qasim, 1994). 
 
2.4.2 Leachate Quality 
 Landfill leachate is initially a high-strength wastewater characterized by a low pH, high 
BOD, high chemical oxygen demand (COD), and by the presence of toxic chemicals (Qasim, 
1994). Components of landfill leachate that are typically monitored include: 
 Biochemical oxygen demand (BOD) – BOD is an indicator of the organic pollution in a 
wastewater. BOD is measured by quantifying the dissolved oxygen used by 
microorganisms in the biochemical oxidation of organic matter. 
 Chemical oxygen demand (COD) – COD is the amount of oxygen used for complete 
chemical oxidation of the organic constituents to carbon dioxide and water (Metcalf and 
Eddy, 1991).   
 Total organic carbon (TOC) - TOC is the amount of carbon found in organic compounds 
and is an alternative measure of organics present in wastewater streams. 
 Volatile organic compounds (VOCs) – VOCs are organic compounds that have a boiling 
point that is less than 100º Celcius and/or a vapor pressure higher than 1 mm Hg at 25º 
Celcius.  
 Heavy Metals – Heavy metals of importance in landfills include nickel (Ni), manganese 
(Mn), lead, (Pb), chromium (Cr), cadmium (Cd), zinc (Zn), copper (Cu), iron (Fe), and 
mercury (Hg). 
 Total Nitrogen – Total nitrogen is comprised of organic nitrogen, ammonia (NH3), 
ammonium ion (NH4-N), nitrite, and nitrate.  
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 Leachate tends to have higher pollutant concentrations than raw sewage or many 
industrial wastes. Leachate quality depends on a variety of factors including type and depth of 
solid waste, age of fill, rate of water application, landfill design, and the interaction of leachate 
with the environment (Qasim 1994).  Figure 2.2 shows the various factors affecting leachate 
quality.  
 
 
Figure 2.2 - Factors Affecting Leachate Quality (El-Fadel et al., 2001) 
 
2.4.2.1 Landfill Depth 
 A study completed by Qasim (1994) concluded that deeper landfills result in leachate 
with higher concentrations of pollutants. Deeper landfills provide greater contact time and longer 
travel distances for percolating liquid leading to more contaminated leachate.  
 
2.4.2.2 Processed Waste 
 The manner in which solid waste is processed prior to being placed in a landfill makes a 
significant difference in leachate quality.  A study completed by Kemper and Smith (1981) 
indicated that leachate from landfills that shredded their waste had much higher concentrations 
of pollutants than leachate from non-shredded waste.  However shredded waste landfills showed 
increased rates of pollutant removal and solid waste decomposition.  In contrast, landfills made 
up of baled or compacted solid waste had higher volumes of leachate with lower pollutant 
15 
concentrations (Kemper and Smith, 1981). However, once a landfill has reached maximum 
capacity, the cumulative amount of pollutant removed per kg of solid waste will ultimately be the 
same regardless of how the waste was processed (Lu et al., 1984). 
 
2.4.2.3 Codisposal with Sewage 
 Municipal solid waste mixed with sewage sludge or hazardous wastes result in 
differences in leachate.  Codisposal with sludge from municipal wastewater treatment facilities 
can increase the moisture content and increase leachate generation. The resulting leachate is 
more acidic and has a higher BOD, but other chemical characteristics were similar compared to 
leachate produced strictly from municipal solid waste (Qasim, 1994). 
 
2.4.2.4 Landfill Age 
 Typically, pollutant concentrations in leachate peak early in a landfill’s life, usually 
within two or three years of the landfill becoming active. After that, pollutant levels gradually 
decrease over time.  This is true of organic indicators such as BOD, COD, and TOC.  
Concentrations of heavy metals, however, fluctuate rather than follow a distinct pattern over time 
due to precipitation, dissolution, and absorption. Table 2.4 shows how the concentrations of 
various landfill leachate constituents vary with landfill age. 
 
Table 2.4 - Leachate Concentrations vs. Landfill Age (El Fadel et al., 2001) 
 
 
 The ratios of organic components tend to change in a predictable manner as the landfill 
ages.  Generally, organic compounds found in leachate can be split into three groups.  The first 
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group consists of fatty acids with low molecular weight. The second group is made up of humic 
substances of intermediate molecular weight while the third group consists of fulvic-like 
substances of intermediate molecular weight (Lu et al., 1984).  In the first 3 to 5 years in the life 
of a landfill, 90 percent of the organics are made up of volatile fatty acids with the remainder 
predominantly composed of fulvic acids.  As the landfill ages, though, the percentage of volatile 
fatty acids decreases and the percentage of fulvic acids increase.  Research also shows that 
bacterial and viral populations decrease with solid waste age (Qasim, 1994).  
   
2.5  Leachate Treatment 
  Leachate quality varies for different landfills and varies over time as a particular landfill 
ages.  Because of the varying characteristics of leachate, there is no one way to treat landfill 
leachate. Leachate characteristics must be determined before developing an appropriate 
treatment strategy. Leachate treatment can be categorized as (1) biological waste treatment or (2) 
chemical and physical treatment. 
 
2.5.1 Biological Leachate Treatment 
 Biological leachate treatment processes involve placing a waste stream in direct contact 
with a mixed culture of microorganisms. Biological treatment consists of controlling the 
environment required for optimum growth of the microorganisms involved (Wiszniowski et al., 
2006). The microorganisms consume the organic matter present in the waste stream while any 
inorganic compounds present are left unaffected by this type of treatment. The most common 
waste treatment processes that have been applied to leachate treatment are activated sludge, fixed 
film reactors, stabilization ponds and aerated lagoons, and anaerobic digestion. Table 2.5 
summarizes the advantages and disadvantages of several biological treatment processes, each of 
which is discussed in detail in the following sections. 
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Table 2.5 - Advantages and Disadvantages of Various Biological Treatments 
Treatment Advantages Disadvantages 
Rotating 
Biological 
Contactors (RBC) Low energy consumption 
Performance is generally lower than 
with an activated sludge technique. 
  
Simple operation requiring less 
maintenance and monitoring than 
then activated sludge technique 
A more realistic dimensioning should 
allow satisfactory qualities of treated 
water to be reached 
  
Good settling characteristics of 
the sludge 
Rather high capital costs (can be 
greater by about 20% compared to 
activated sludge) 
  
Generally adapted to small 
communities   
  
Lower sensitivity to load 
variations and toxins than 
activated sludge   
  
Resistance to cold (the disks are 
always protected by hoods or a 
small chamber)   
Activated Sludge 
Adapted to any size of 
community (except for very small 
ones) Relatively high capital costs 
  
Good elimination of all the 
pollutant parameters (Suspended 
solids, COD, BOD, and N) High energy consumption 
  
Adapted to the protection of 
sensitive receiving areas 
Requires skilled personnel and 
regular monitoring 
  Partially stabilizes sludge Sensitivity to hydraulic overloads 
Stabalization 
Ponds Low Construction Costs Require large land area 
  Low Operation Costs Odor problems 
    Poor effluent quality 
    Sensitivity to temperature 
Anaerobic 
Digestion Low sludge production   
  
Methane recovery can be used for 
energy   
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2.5.1.1 Activated Sludge 
 In activated sludges, microorganisms are mixed with the organics in the waste so that 
they can grow and stabilize the substrate.  Air is pumped into the waste stream in an aeration 
basin by diffusers or mechanical mixers. As the microorganisms grow and are mixed in the 
presence of oxygen, the individual microbes start to aggregate together to form an active mass of 
microbial sludge known as activated sludge.  The mixture of activated sludge and wastewater is 
referred to as mixed liquor suspended solids (MLSS) and the volatile organic portion is referred 
to as mixed liquor volatile suspended solids (MLVSS). The MLSS then flows from the aeration 
basin to a secondary clarifier where the activated sludge is settled.  
 The activated sludge treatment process is maintained as an aerobic process in which 
microorganisms use oxygen to digest the organic matter. The byproducts of aerobic treatment are 
carbon dioxide and water (Qasim, 1994). The activated sludge process can be operated in a plug 
flow or a completely mixed manner. In a plug flow design, fluid progresses in an orderly fashion 
with no forward or back mixing. In a completely mixed design, the composition of the fluid is 
uniform due to mixing. Common activated sludge process variations are as follows: 
 
 Conventional – In conventional activated sludge, the influent enters the aeration tank at 
one end and is aerated by the aeration system for a period of 4 – 8 hours.  This is a plug 
flow process and sludge retention time, the time in which sludge must be stored, in the 
conventional activated sludge process is 5 – 15 days. 
 Tapered Aeration – Tapered aeration is similar to conventional process, however, the 
arrangement of the aeration diffusers that deliver air to the tank is different. At the head 
of the tank, diffusers are closer together and the spacing between diffusers is increased 
toward the opposite end of the aeration tank. As with the conventional method, tapered 
aeration is plug flow, aeration time is 4 – 8 hours and sludge retention time is 5 – 15 
days.  
 Completely Mixed Aeration – The influent is mixed and applied at several points in the 
aeration basin and the contents of the tank are uniformly mixed across the entire basin. 
This process is a completely mixed flow with an aeration time of 3 – 5 hours and a sludge 
retention time of 5 – 15 days.  
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 Extended Aeration – This process uses a relatively larger aeration tank where a high 
population of microorganisms is maintained. Rotors are used to supply oxygen and 
maintain circulation. The aeration period is 18 – 36 hours and sludge retention time is 20 
– 30 days. 
 Pure Oxygen Aeration – Oxygen is diffused into covered aeration tanks. A portion of gas 
is wasted from the tank to help reduce carbon dioxide concentration. This process is 
suitable for high strength wastes. This process utilizes a completely mixed flow and has 
an aeration period of 2 – 5 hours and a sludge retention time of 8 – 20 days (Qasim, 
1994). 
 
2.5.1.2 Rotating Biological Contactor 
 Rotating biological contactors (RBCs), a type of fixed film reactor, utilize a process in 
which biomass grows on media and the waste stream passes over its surface. This differs from 
activated sludge in that the biomass is not mixed in the waste stream but instead is fixed. A 
rotating biological contactor consists of a series of closely spaced circular disks made of 
polystyrene or polyvinyl chloride. These disks are mounted over a shaft that rotates slowly as the 
waste stream flows through it. The disks remain about 40 percent immersed in a contoured 
bottom tank.  The disks are spaced so that wastewater and air can reach the exposed surface. The 
disk rotation affects oxygen transfer and maintains the biomass in an aerobic condition. 
Biological growth develops over the disks, which receive alternating exposures to organics and 
the air, eventually forming a slime layer over the entire wetted surface of the disks (Metcalf and 
Eddy, 1991). RBCs generally have a low power demand, greater process stability, and higher 
organic loadings compared with other treatment processes. Studies have shown that using RBCs 
to treat leachate can remove 95 – 97 percent of BOD and 40 percent of COD (Qasim, 1994). 
  
2.5.1.3 Stabilization Ponds and Aerated Lagoons 
 Waste stabilization ponds are large, holding basins where wind provides aeration. 
Autotrophic and heterotrophic organisms decompose organics in the pond, naturally stabilizing 
waste and causing pathogen die-off (Droste, 1997). In stabilization ponds deeper than 1.5 meters, 
solids settle down to the bottom where anaerobic bacteria thrive, decomposing the solids. Above 
the bottom layer of the pond, organic matter is decomposed by bacteria and protozoa.  
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 Stabilization ponds can be classified as aerobic, facultative, or anaerobic. Aerobic ponds 
tend to only have aerobic decomposition processes occurring. They are normally shallow with a 
depth between 0.3 and 1 meter and a detention time of 5 – 20 days. Facultative ponds decompose 
organics through both aerobic and anaerobic processes. The upper layer of the pond is 
characterized by aerobic activity, the middle layer by a combination of anaerobic and aerobic 
activity, and the bottom layer by anaerobic activities. Facultative ponds are typically 1 – 2 meters 
deep with a detention time of 10 – 30 days.  Anaerobic ponds have anaerobic conditions 
throughout the entire pond. They are usually much deeper (2.5 – 5 meters) and detention times 
are longer (20 – 50 days).  Stabilization ponds are most suitable for small communities and for 
industries that produce organic waste streams. These types of ponds have low construction and 
operation costs but require a large land area, often have odor problems and have poor effluent 
quality (Qasim, 1994). 
 Aerated lagoons were developed by adding artificial aeration to waste stabilization ponds. 
The lagoon is usually a basin with sloping sides about 2 to 5 meters deep.  Diffusers or mixers 
provide the extra aeration. Because these ponds are usually not well mixed, some solids still 
settle to the bottom and undergo anaerobic decomposition even with the extra aeration.  The 
aerated lagoon is a combination of the activated sludge process and the waste stabilization pond 
technique. BOD removal efficiencies range from 60 – 90 percent (Qasim, 1994). 
 
2.5.1.4 Anaerobic Digestion 
 Anaerobic digestion involves the decomposition of organic and inorganic matter in the 
absence of oxygen. In the treatment of waste, the waste stream is fed into an air tight closed tank 
that may or may not have an agitating mechanism. The solids settle to the bottom of the tank to 
be digested by microorganisms while the gases rise bringing the scum to the surface (Metcalf 
and Eddy, 1991). The gases are collected from the roof of the tank and used to maintain the 
temperature of the digester.   
 Anaerobic digestion involves a process in which several groups of facultative and 
anaerobic organisms simultaneously break down the organic matter. The process can be 
described as having three steps.  The first step involves hydrolysis (the use of water to split the 
chemical bonds of a substance) of higher-molecular-mass compounds into compounds suitable 
for use as source of energy and cell carbon (Qasim, 1994). One group of organisms, known as 
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the primary fermentative microorganisms, in the anaerobic process are responsible for 
hydrolyzing organic polymers and lipids to basic building blocks such as monosaccharides and 
amino acids. The second step is known as the acid phase. In this step, the same microorganisms 
that perform hydrolysis reactions carry the fermentation through this stage. The primary product 
of the fermentation is acetic acid. The bacteria that produce acetic acid are called acetogenic 
bacteria and have an optimal pH range of 5-7 (Droste, 1997). The third step is known as the 
methane phase in which the third group of microorganisms convert the hydrogen and acetic acid 
formed by the acid formers to methane gas and carbon dioxide (Metcalf and Eddy, 1991).  The 
bacteria that utilize acetic acid to produce methane are known as acetoclastic bacteria (Droste, 
1997). The methane producing bacteria essentially control the anaerobic process due to their 
sensitivity to pH, substrate composition, and temperature. If the pH in the tank drops below 6.0, 
the methane formation significantly decreases and more acid accumulates, and, as a result, 
digestion is dramatically slowed.  Acetoclastic bacteria are very active in temperatures ranging 
from 27 - 65º C (Qasim, 1994).  
 There are two types of anaerobic digesters: standard rate and high rate (Qasim, 1994). In 
the standard rate digestion process, the sludge being treated is typically unheated and unmixed.  
The digestion period can vary from 30 days to 60 days. In a high rate digester, the contents are 
heated and completely mixed and the required digestion period is typically less than 15 days 
(Metcalf and Eddy, 1991).  A combination of these two processes is known as two-stage 
digestion.  In two-stage digestion, the first stage is usually the high rate digester where the 
contents are heated and mixed while the second stage is a standard-rate digester that mainly 
separates the digested solids from the supernatant liquor. Additional digestion and gas recovery 
may also be performed in the second stage as well (Qasim, 1994).   
 Anaerobic processes have several advantages over aerobic treatment processes in treating 
leachate: (1) sludge production is significantly reduced and (2) the recovery of methane can 
potentially provide energy. Anaerobic digestion can be 90 – 99 percent effective in removing 
BOD (Qasim, 1994). 
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2.5.2 Chemical and Physical Leachate Treatment 
 Chemical and physical waste treatment processes utilize the addition of chemicals into 
the waste stream to help remove contaminants. Common chemical and physical treatment 
processes applied to leachate treatment are discussed in the following sections.  
 
2.5.2.1 Coagulation, Flocculation, Precipitation, and Sedimentation 
 Coagulation, flocculation, precipitation, and sedimentation are separate treatment steps 
that are used in conjunction with one another. These steps can be used to treat a variety of 
aqueous hazardous and industrial wastes for the removal of precipitable substances like soluble 
heavy metals and dissolved organics, and for the removal of colloidal particles suspended in 
liquid. Colloids are finely dispersed solids suspended in liquid streams and are stabilized by 
negative surface charges. These negative charges cause the colloids to repel each other, 
preventing the particles from forming larger masses, known as flocs. The colloidal particles 
suspended in the liquid do not settle on their own so chemical coagulation and flocculation is 
necessary.  
 Coagulation is the neutralization of forces that keep the colloids apart. To accomplish 
coagulation, a coagulant is added to the leachate. In wastewater treatment processes, the 
coagulant is often alum, lime, or iron salts (Metcalf and Eddy, 1991). Rapid mixing is required in 
order to properly disperse the coagulant throughout the liquid being treated (Water Specialist 
Technologies, 2008). Flocculation is the aggregation of the suspended solids into larger flocs. 
The opportunity for particles to collide and aggregate is enhanced by slow mixing. Precipitation 
is a process where a substance in a liquid solution, such as a waste stream, is transformed into a 
less soluble or insoluble phase. Sedimentation is a physical process where suspended solids in a 
liquid are made to settle by gravitational and inertial forces (Qasim, 1994). Coagulation, 
flocculation, precipitation, and sedimentation processes are often used in conjunction with each 
other in order to maximize suspended solids removal. Chemicals are added to the wastewater 
stream to cause the suspended solids to come together and form larger masses that can either 
settle or be removed (Water Specialist Technologies, 2008).  
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2.5.2.2 Carbon Adsorption 
 Adsorption is the process of collecting soluble substances that are in a solution onto a 
suitable interface. In treating wastewaters, the interface is generally between a liquid and a solid. 
The carbon in the activated carbon process is used to remove a portion of the remaining 
dissolved organic matter.  Carbon is activated by exposure to an oxidizing gas at a high 
temperature which develops a porous structure on the carbon char creating a large adsorptive 
surface area typically 500 – 1500 m2/g (Metcalf and Eddy, 1991). Figure 2.3 shows how carbon 
appears before and after activation. Activated carbon is typically either in powder form as 
powdered activated carbon (PAC), or in granular form as a granular activated carbon (GAC) bed 
(Qasim, 1994).  
 When GAC is used, the carbon contacts the waste stream in a vertical, fixed-bed column. 
A wastewater stream enters at the top of the column, contacts the GAC in the column where 
dissolved organic matter is adsorped by the activated carbon, and exits through the bottom of the 
column (Metcalf and Eddy, 1991). 
 
 
Figure 2.3 - Sketch of Activated Carbon Before (a) and After (b) Activation (Metcalf and 
Eddy, 1991) 
 
 Adding PAC is an alternative means of using activated carbon. PAC is added to a waste 
stream, allowed a sufficient amount of time for contact, and then settled to the bottom of a tank. 
The tank effluent contains the treated water. Because the powdered carbon is very fine, a 
coagulant, such as polyelectrolyte, is sometimes used to help remove the carbon particles or a 
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granular-medium filter can also be used to help filter out the carbon. The use of PAC has proven 
effective in the removal of many soluble organics as well as nitrogen, sulfides, and some heavy 
metals (Metcalf and Eddy, 1991). Activated carbon treatment applied to raw leachate can remove 
30 – 65 percent of COD, but activated carbon treatment applied to pretreated leachate can have 
COD removal efficiencies of 70 – 91 percent (Qasim, 1994). 
 
2.5.2.3 Oxidation 
 Chemical oxidation is a process used in advanced wastewater treatment applications in 
order to remove ammonia, reduce concentrations of organics and reduce the bacterial content of 
wastewater (Metcalf and Eddy, 1991).  Oxidation treatment utilizes oxidation-reduction (redox) 
reactions. Redox reactions involve the transfer of electrons. One compound in a redox reaction is 
giving up electrons and the other compound is taking them. The substance giving up electrons is 
being oxidized and is known as the reducing agent. Conversely, the substance receiving the 
electrons is known as the oxidizing agent. Redox reactions can be divided into two half reactions 
in which one is producing electrons and the other is receiving them (Droste, 1997). 
 In oxidation treatment, the most common oxidation chemical has been chlorine. As 
chlorine is added, readily oxidizable substances, such as Fe
+2
, H2S and organic matter, react with 
the chlorine and reduce most of it to the chloride ion. The chlorine then continues to react with 
the ammonia to form chloramines. As chlorine continues to be added, some of the chloramines 
will be converted to nitrogen trichloride (NCl3) and the rest will be oxidized to nitrous oxide 
(N2O) and nitrogen (N2), and the chlorine will be reduced to the chloride ion (Metcalf and Eddy, 
1991).   
 Alternatives to the use of chlorine are being studied because chlorine forms 
trihalomethanes (THMs) when added to wastewater. THMs are a major concern in drinking 
water supplies because they are suspected carcinogens. Alternative oxidants include chlorine 
dioxide and ozone. Ozone is a promising alternative because it can be generated in treatment 
plants. Oxidation is effective in removing toxics and organics and has be shown to remove up to 
48 percent of COD from landfill leachate (Qasim, 1994).  
 
25 
2.5.2.4 Fenton Oxidation 
 The Fenton process is a form of oxidation that uses iron and hydrogen peroxide (H2O2) to 
catalyze the oxidation reactions under acidic conditions (Trujillo et al., 2006). It is more 
effective in COD removal and organic pollutant destruction than traditional oxidation. The 
reactions are shown below in Equations 2.1 and 2.2. 
 
               𝐹𝑒2+ +  𝐻2𝑂2 → 𝐹𝑒
3+ + ∙ 𝑂𝐻 + 𝑂𝐻−   (Equation 2.1) 
 
    𝐹𝑒3+ +  𝐻2𝑂2 → 𝐹𝑒
2+ + ∙ 𝑂𝑂𝐻 + 𝐻+  (Equation 2.2) 
 
Equation 2.1 shows that ferrous iron (II) is oxidized by hydrogen peroxide to ferric iron (III), a 
hydroxyl radical and a hydroxyl anion. Equation 2.2 shows that the next step in the oxidation is 
the iron (III) is reduced back to iron (II), a peroxide radical and a proton by the same hydrogen 
peroxide. The hydroxyl radical is a strong chemical oxidant that is capable of oxidizing various 
organic compounds and reducing COD. 
 The pH of the wastewater being oxidized must be between 3 and 6. If the pH is too high, 
the iron will precipitate as Fe(OH)3 and will decompose the H2O2 into oxygen. Typical 
iron:hydrogen peroxide ratios are 1:5-10.  
 Trujillo et al. (2006) tested the efficiency of the Fenton oxidation process on the organic 
fraction of municipal solid wastes and found the COD removal was 57 – 75%. COD removal 
was closer to 75% when the ratio of Fe
2+
:COD0 was 0.1. The use of Fenton oxidation was 
especially effective on reducing the organic load of leachates with very high initial COD values 
(Trujillo et al., 2006).   
 
2.5.2.5 Reverse Osmosis 
 Reverse osmosis treatment is a process that uses a pressure greater than the osmotic 
pressure caused by the dissolved salts in the wastewater and a semipermeable membrane to 
separate water from dissolved salts in a solution (Metcalf and Eddy, 1991). The process consists 
of permeating liquid through the semipermeable membrane at pressures up to 10,000 KN/m
2
 
(1500 lb/in
2
). The membranes reject most of the ions and molecules but still permit the passage 
of water. The most common types of membranes are made of cellulose acetate and nylon 
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(Qasim, 1994). In addition to the membrane, the reverse osmosis process requires a membrane 
support structure, a containing vessel, and a high pressure pump. There have been four types of 
module designs made for reverse osmosis: plate and frame, large tubes, spiral wound, and hollow 
fine fiber. The arrangement of the membranes is important so that the water coming in under 
high pressure can pass through the membrane surface while the treated water is collected from 
the opposite end (Qasim, 1994). Usually pretreatment is necessary for the reverse osmosis 
process to be most efficient. Filtration of the wastewater stream is required because the reverse 
osmosis unit can be damaged by colloidal matter in the feed stream. Also, the removal of iron 
and manganese is sometimes necessary to decrease scaling potential and pH must be controlled 
between 4.0 and 7.5 for the same reason (Metcalf and Eddy, 1991). 
 Reverse osmosis has shown to be the most effective treatment for COD in leachate 
compared with other common leachate treatment processes such as carbon adsoption and 
coagulation, flocculation, precipitation, and sedimentation. Reverse osmosis is very effective if 
the leachate has already been biologically pretreated. Biological pretreatment of leachate helps to 
reduce the fouling of the membrane. Total dissolved solids removal can be as high as 99 percent 
and COD removal can be between 85 and 95 percent (Qasim, 1994).   
 
2.5.2.6 Air Stripping 
 Air stripping is typically used to remove ammonia and volatile organic compounds 
(VOCs). VOCs are organic compounds that have a boiling point less than 100º Celsius and/or a 
vapor pressure greater than 1 mm Hg at 25º Celsius (Metcalf and Eddy, 1991). The air stripping 
process requires a pH adjustment of the leachate, usually increasing the pH to 10.5 – 12. When 
the pH is higher, around 11 or 12, air stripping is much more effective, especially for ammonia 
removal (Bonmati and Flotats, 2003).  
 There are two main types of air stripping units, although there are many variations on 
both of these. One is a countercurrent flow unit and the other is a diffused aerator unit. In a 
countercurrent flow unit, the leachate is applied over a stripping tower that is packed with plastic 
while air is blown from the bottom. The plastic packing in the tower increases the surface area of 
the contaminated water that is exposed to the air. As the leachate descends down the tower, the 
large quantities of air flowing against the leachate flow strip away the VOCs, allowing them to 
escape from the liquid into the air stream. In a diffused aerator unit, aeration is provided at the 
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bottom of a column by a mechanical aerator through porous plates (Droste, 1997). Air stripping 
can be up to 90 percent efficient in removing VOCs, but because of calcium carbonate scaling on 
the tower, air stripping is not widely used. Another disadvantage in air stripping is the release of 
VOCs into the atmosphere and the added cost of containing and treating them as air stripping 
only changes the phase of the VOCs (from aqueous to gas) as opposed to treating them (Qasim, 
1994).  
 
2.5.3 Leachate Recirculation 
 Leachate recirculation is the circulation of high strength leachate back into the landfill to 
let it percolate again through the refuse. In this process, the landfill acts as a generally 
uncontrollable anaerobic digester for anaerobic treatment. The biological communities active in 
the landfill reduce the organic components in the leachate being recirculated. Pohland (1975) 
found that when leachate was continuously recirculated through a landfill, the organic load of the 
leachate significantly decreased (from 20,000 mg/L to less than 1,000 mg/L) in a period of just 
over a year. Pohland suggested that the reason for this is that recirculation provides for rapid 
development of an active anaerobic bacterial population of methane forming bacteria. In addition 
to COD reduction, BOD, TOC, volatile acids, ammonia-nitrogen, and total dissolved solids 
levels were decreased through recirculation. However, leachate recirculation is not effective in 
removing inorganic material, nitrogen, and phosphorus (Qasim, 1994).  
 There are three types of leachate recirculation systems: spray irrigation, overland flow, 
and subgrade irrigation. Spray irrigation involves pumping collected effluent through spray 
nozzles placed in 15 to 30 meter intervals on the landfill. The advantage of this method is that 
some leachate treatment may be achieved during spraying as a result of aeration and infiltration 
through the soil cover. Spray irrigation can cause some leachate to drift out of the landfill and 
into the environment if not closely monitored. Overland flow irrigation uses trenches, spreading 
basins, or perforated pipes to distribute the effluent. The leachate is periodically pumped into the 
distribution system and allowed to infiltrate into the landfill. Spray irrigation and overland flow 
irrigation both require an impermeably lined pond to provide storage of the leachate between 
irrigation periods thus requiring more land area. In a subgrade irrigation system, leachate is 
distributed throughout the landfill through smaller subgrade tile fields or pipes. Very large tile 
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fields are subdivided into smaller units each fed separately with leachate. Subgrade irrigation can 
be used continuously and, as a result, does not requiring extra storage space (Lu et al., 1984). 
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3 Project Overview 
  
 This Major Qualifying Project (MQP) is a continuation of a larger project started in 
November 2007 in the School of Environmental Science and Engineering at SJTU by Professor 
Zhemin Shen and his graduate student, Sun Hua. This SJTU project had two main objectives. 
The first was to reduce of COD in landfill leachate through oxidation and coagulation. The 
second objective was to model the removal of ammonia in leachate in an air stripping tower, 
verify the model’s parameters and test the efficiency of a full-scale air stripping process. 
 The first half of this project, the reduction of COD, was conducted at a full scale 
oxidation and coagulation facility at the Shanghai Laogang Waste Disposal Facility (SLWDF). 
Samples were collected at this facility to evaluate the effectiveness of the process. In the second 
half of the project, the objective was to model and design an air stripping process to remove 
ammonia from leachate. This part of the project was divided into three parts: (1) laboratory 
experiments to determine appropriate design parameters for a diffused aerator, (2) laboratory 
experiments to determine mass transfer in a countercurrent packed tower, and (3) leachate 
sampling and analysis to determine the effectiveness of a full scale diffused aerator air stripping 
unit at the SLWDF and verify model parameters. The COD reduction phase and the first two 
parts of the air stripping phase of this project were completed at SJTU between November 2007 
through August 2008 and the results are summarized in this chapter. This MQP focused on the 
third part of the air stripping phase and was completed in October – December 2008, as 
described in chapters 4 and 5. 
 
3.1 Phase One – COD Reduction 
 The first objective of the SJTU project was to reduce the COD in landfill leachate 
through oxidation and coagulation. Oxidation was completed using the Fenton reaction which 
was discussed in section 2.5.2.4. Figure 3.1 is a flow process diagram, made by Professor 
Zhemin Shen, of the COD reduction process at the Shanghai Laogang Waste Disposal Facility. 
The process operated in batch mode. One metric ton of leachate and the oxidizing agent flowed 
simultaneously into a reactor. The oxidizing agents were ferrous iron (II) and hydrogen peroxide. 
The quantity of the oxidizing agent is unknown. After oxidation, 2 kg of sulfuric acid (H2SO4) 
was added to the wastewater stream to decrease the pH to 3. 
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Figure 3.1 – Flow Diagram of COD Reduction Process 
 
 The second step in reducing COD was coagulation. As shown in Figure 3.1, after the 
leachate was oxidized, it flowed into a sediment tank where high concentrations of settleable 
solids were removed. Then the leachate flowed into an aeration tank where the coagulant was 
added. The coagulant in this project was calcium hydroxide (Ca(OH)2), added at a rate of 2.2 
kg/m
3
. Calcium hydroxide is formed when water is added to calcium oxide, also referred to as 
lime. The lime neutralizes the electrical charges of particles in the water which causes the 
particles to clump together, making it easier for the particles to settle out. After settling, the 
treated leachate then exits the process. 
 The Fenton oxidation and coagulation processes were evaluated at the SLWDF. The 
process was not run on a smaller scale in the laboratory. Samples were collected on a monthly 
basis from November 2007 through May 2008 and the COD of each sample was tested in the 
laboratory to determine the treatment efficiency. 
  
3.1.1 Results from Shanghai Laogang Waste Disposal  
 Samples were collected from the original leachate tank, the sediment tank just after the 
oxidation process and the outlet. The samples were labeled as follows: (1) original leachate, (2) 
after Fenton oxidation and (3) after coagulation. The COD of the leachate at each stage in the 
process were averaged and the results are shown in Figure 3.2.  
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Figure 3.2 – COD Reduction in Leachate through Oxidation and Coagulation 
1 – Original Leachate, 2 - After Fenton Oxidation, 3 - After Coagulation 
 
 As Figure 3.2 shows, a significant reduction in COD occurred as a result of treatment. 
The Fenton process reduced COD from 348 mg/L to 205 mg/L (41%) and coagulation reduced 
COD by an additional 22%. The combination of Fenton oxidation and coagulation reduced COD 
by a total of 54%.  
 While reducing COD was the main objective of the oxidation and coagulation treatment, 
the removal of ammonia was also measured. Figure 3.3 shows the average concentration of 
ammonia after each step of the process. 
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Figure 3.3 – Ammonia Removal 
1 – Original Leachate, 2 – After Fenton Oxidation, 3 – After Coagulation 
 
 Figure 3.3 shows a notable removal of ammonia. Oxidation removed approximately 38% 
of ammonia, reducing the concentration from 71 mg/L to 44 mg/L. Coagulation reduced the 
concentration even further, bringing the final concentration of ammonia to 7 mg/L. Overall, the 
combination of oxidation and coagulation reduced ammonia concentration by 90%. 
 
3.2 Phase Two – Ammonia Removal 
 Two theories were employed in designing the air stripping process to remove ammonia 
from leachate. The first was a model designed by Professor Zhemin Shen and Sun Hua applied to 
diffused aerator air stripping and the second was based on the principle of aqueous to gaseous 
phase mass transfer using a countercurrent flow air stripper. 
 
3.2.1 Diffused Aerator Air Stripping 
 The first part in the air stripping phase of this project involved designing a model for the 
air stripping process in a diffused aerator air stripping tower. The theoretical model, its 
implementation and laboratory results are discussed in the following sections. 
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3.2.1.1 Theoretical Diffused Aerator Air Stripping Equations 
 The model used for ammonia removal in a diffused aerator air stripping tower was 
developed by Professor Zhemin Shen and Sun Hua, and is shown in Equation 3.1. 
 
                             𝑿𝒕 =  𝑿𝟎 𝒆𝒙𝒑  −
𝑸𝒎
𝑽
 𝟏 − 𝐞𝐱𝐩 
−𝑲𝒍𝑽
𝑸𝒎
  𝒕    (Equation 3.1) 
 
Where :  Xt = Concentration of NH3 at time, t (mg/L) 
  X0 = Initial concentration of NH3 (mg/L) 
  Q  = Rate of air flow (m
3
/s) 
  m  = Henry’s law equilibrium constant (unitless) 
     V  = Volume of wastewater sample (m
3
) 
  Kl = Overall mass transfer rate constant (s
-1
) 
  t  = Time (seconds)  
 
 In this model, ammonia removal is dependent on the volume of the water and the rate of 
air flow. Henry’s law constant, m, was calculated as shown in Appendix A. The overall mass 
transfer rate constant is found by conducting experiments and measuring the concentration of the 
ammonia in the liquid at various times. Then, Kl is calculated from the experimental results. 
Once Kl is known, it can be used to determine the necessary parameters to achieve a desired 
contaminant reduction.  
 
3.2.1.2 Diffused Aerator Air Stripping Experiments 
 Experiments were conducted to determine Kl based on water height and the air flow rate, 
and to determine how those parameters affected ammonia removal. First, water samples with 
ammonia were prepared in the laboratory by adding ammonium chloride (NH4Cl) to water at a 
concentration of 1000 mg/L. As discussed earlier, air stripping is more effective when the 
wastewater has a high pH (above 10.5). In order to increase the pH, calcium hydroxide 
(Ca(OH)2) was added to the water samples being tested. The pH was increased to about 12.  
 A cylindrical bubble column as shown in Figure 3.4 was constructed to conduct batch air 
stripping experiments. The column was 20 cm in diameter and 1.9 m high and could hold a total 
volume of 0.0597 m
3
. The experimental water was added to the column and a mechanical aerator 
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(shown in Figure 3.5) receiving air flow from an air pump was dropped into the column to aerate 
and strip ammonia from the water. As shown in Figure 3.5, the mechanical aerator is designed in 
a hexagonal shape. This design provided equal aeration over the area of the column. Aeration of 
each water sample occurred for 8 – 10 hours at a time and samples were collected every one to 
two hours and the ammonia concentration measured. The ammonia stripped was released out of 
the water sample and out through the top of the column. Because the air stripping process was 
conducted on a very small scale, releasing the stripped ammonia into the air did not pose any air 
quality or pollution issues. Larger air stripping columns at landfills handling large volumes of 
leachate may require a system to collect the stripped ammonia so as not to release it into the air. 
 
 
Figure 3.4 - Bubble Column 
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Figure 3.5 - Mechanical Aerator 
 
 The batch air stripping experiment was repeated several times to determine how much 
ammonia was removed based on the rate of air flow and the height (volume) of the water sample 
in the bubble column. The effect of changing the air flow was tested at rates of 1.0, 1.5, 2.0, 2.5, 
and 3.5 m
3
/hour. Each air flow rate was tested at water sample heights of 0.2, 0.3, 0.4, 0.5, and 
0.6 meters.  
   
3.2.1.3 Diffused Aerator Air Stripping Results 
 Results from the diffused aerator column are presented here. The mass transfer rate 
constant, Kl, was determined using Equation 3.1 after each test in order to see how it changed 
with the varying parameters. The results are shown in Table 3.1. Kl increased with air flow rate 
and decreased as water volume increased. This test was performed for  7 to 13 hours at a time 
and at a temperature of 22°C.  
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Table 3.1 – Experimental Kl (sec
-1
) Values compared to Water Height and Air Flow Rate 
Height of 
Water, (m)   
0.2 0.3 0.4 0.5 0.6 
Air Flow 
Rate (m
3
/h) 
1.00 2.66E-05 2.70E-05 2.04E-05 1.59E-05 1.36E-05 
1.50 3.97E-05 3.89E-05 3.07E-05 2.27E-05 1.84E-05 
2.00 5.91E-05 5.87E-05 4.02E-05 2.61E-05 2.21E-05 
2.50 7.90E-05 6.64E-05 5.34E-05 4.27E-05 2.83E-05 
3.30 1.07E-04 8.21E-05 5.35E-05 3.99E-05 4.75E-05 
 
  
 In addition to calculating Kl, the removal of ammonia under varying flow and volume 
conditions was assessed. Results for different air flow rates are shown in Figure 3.6. Increased 
removal efficiency was observed with an increased air flow. Figure 3.7 shows the effect of water 
volume on ammonia removal. It was found that the higher the water volume, the lower the 
removal efficiency. Figures 3.6 and 3.7 both compare removal efficiencies to not only water 
volume and air flow rate, but also to time. While analyzing how time affected ammonia removal 
was not a main objective of this study, results demonstrated that a longer air stripping period led 
to a greater ammonia removal. 
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Figure 3.6 – NH3 Removal vs. Air Flow Rate 
  
 
Figure 3.7 – NH3 Removal vs. Water Height 
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3.2.2 Countercurrent Packed Air Stripping Tower 
 The second part of the air stripping phase of this project was to determine the liquid to 
gas phase mass transfer in a countercurrent packed tower. The theoretical equations, their 
implementation and laboratory results are presented in the following sections.  
 
3.2.2.1 Theoretical Countercurrent Packed Air Stripping Tower Equations 
 The first step in understanding the parameters in the principle of dual phase mass transfer 
used in air stripping is to determine the number of transfer units (NTU). To do this, Equation 3.2 
is used.  
 
            𝑵𝑻𝑼 =  
𝟏
𝟏−𝐀
 𝒍𝒏   𝟏 − 𝐀 
𝐘𝟏−𝐘𝟐
∗
𝐘𝟏−𝐘𝟏
∗ + 𝐀     (Equation 3.2) 
 
Where: A = Adsorption Factor (unitless, see Equation 3.3) 
  Y1 = Concentration of ammonia in air flow (mg/L) 
  Y1
*
 = mX1 
  X1 = Concentration of ammonia in liquid effluent (mg/L) 
  m = Henry’s Law equilibrium constant (unitless) 
  Y2
*
 = mX2 
  X2 = Concentration of ammonia in liquid influent (mg/L) 
 
Figure 3.8 is a schematic of a countercurrent flow packed air stripping unit. The various 
parameters from Equation 3.2 are shown in this figure.  
 
 
39 
 
Figure 3.8 – Schematic of a Countercurrent Flow Packed Air Stripping Tower 
 
 The adsorption factor is a ratio of the liquid flow rate to the gas flow rate multiplied by 
the Henry’s Law equilibrium constant. It represents the minimum air-to-water ratio that is 
required for high treatment efficiency. The adsorption factor is also referred to as the air 
stripping factor, and is defined as shown in Equation 3.3. 
 
       𝑨 =  
𝑳
𝒎 𝑽
       (Equation 3.3) 
 
Where: A = Air stripping factor (unitless) 
  L = Liquid flow rate (mol/s) 
  V = Air flow rate (mol/s) 
  m = Henry’s Law equilibrium constant (unitless) 
 
Once the number of transfer units is known, the next step is to determine the height of transfer 
units (HTU) using Equation 3.4. 
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       𝑯𝑻𝑼 =  
𝑳
𝑲𝒙 𝒂 𝝎
      (Equation 3.4) 
 
Where:  L = Liquid loading rate (mol/s) 
  Kx = Gas-liquid mass transfer coefficient (mol/m
2
.s) 
  a = Specific interfacial surface area between gas and liquid, i.e. surface   
   area/volume (m
2
/m
3
) 
  ω = Surface area of column (m2) 
 
Finally, Equations 3.2 and 3.4 can be multiplied together to obtain the height of packing in the 
column and this is shown in Equation 3.5. 
 
    𝒁 = 𝑯𝑻𝑼 ×  𝑵𝑻𝑼       (Equation 3.5) 
 
Where:  Z = height of packing material (m) 
  HTU = Equation 3.4 (m) 
  NTU = Equation 3.2 (unitless) 
 
 In Equation 3.5, HTU represents the kinetics of the process (how fast mass transfer 
occurs) and NTU represents the equilibrium endpoint (how far mass transfer will proceed). The 
kinetics are controlled by the rate of mass transfer between the liquid and gas phases, which is 
the reason that HTU is dependent upon Kx, the overall mass transfer coefficient. The equilibrium 
endpoint is a function of the volatility of the contaminant. Therefore, NTU depends on the 
adsorption factor, which, in turn, is a function of the Henry’s Law constant, m (Nazaroff and 
Alvarez-Cohen, 2001). 
 If an experiment is conducted using an air stripping tower, NTU and HTU can be selected 
by the experimenter. The air flow and liquid flow rates can be controlled and the concentration 
of contaminant in the liquid and air inflows and outflows can be measured. The specific 
interfacial surface area and the surface area of the column can be measured as well. The only 
unknown is Kx. If Equations 3.4 and 3.5 are combined to solve for Kx, Equation 3.6 is generated.  
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     𝑲𝒙 =  
𝑳 ×𝑵𝑻𝑼
𝒁 ×𝒂 × 𝝎
       (Equation 3.6) 
 
 
 Kx is found experimentally. Once Kx is determined, Equations 3.2, 3.3 and 3.4 can be 
combined to determine the necessary treatment conditions to achieve the desired ammonia 
removal. For example, if the concentration of ammonia in the water influent changed from test to 
test, the model could be used to determine what height of packing material or air loading rate 
was necessary to obtain the desired ammonia removal.  
 
3.2.2.2 Countercurrent Packed Air Stripping Tower Experiments 
 In this part of the air stripping phase of the project, aqueous ammonia in the wastewater  
was stripped and transformed into gaseous ammonia so that the ammonia could be removed 
through the air stream. Here, the changing parameters were the liquid flow rate and column 
packing material. Wastewater was pumped into the top of a large, bubble column while air was 
pumped into the lower portion of the bubble column, about 6 inches from the bottom of the 
column. The bubble column was the same one used in the diffused aerator air stripping 
laboratory experiments. The column was packed with either hackettens or pall rings, both shown 
in Figure 3.9, in order to increase the surface area of water exposed to air. As air was pumped 
through the water sample, ammonia was stripped and released with air at the top of the column 
and the treated water flowed out the bottom of the column. 
 
(a)                 (b)   
Figure 3.9 – Hacketten (a) and Pall Ring (b) 
(www.alibaba.com and www.kitairu.net) 
 
  
 In the laboratory, the removal efficiency was tested numerous times, changing the liquid 
flow rate and type of packing material. The liquid used was water from the laboratory prepared 
42 
with NH4Cl. It was made the same way as the water that was used in the diffused aerator 
experiments. The concentration of ammonia in the liquid influent and effluent was measured. 
The height of packing material was kept constant in order to calculate Kx. 
 
3.2.2.3 Countercurrent Packed Air Stripping Results 
 The experiment was performed 13 times. In the first seven tests, the air stripping column 
was packed with pall rings while in the remaining tests, the tower was packed with hackettens. 
Each time, the height of the packing material, Z, was 1 meter. The results are shown in Tables 
3.2 and 3.3. The air flow, liquid flow and concentration of ammonia in the influent (X2) were 
controlled. The concentration of ammonia in the effluent (X1) was measured. Henry’s law 
equilibrium constant was calculated at the experimental temperature of 30°C using the formula 
and table in Appendix A. The adsorption factor was calculated using Equation 3.3. NTU was 
calculated using Equation 3.2 and HTU was found using Equation 3.4. Finally, Kx could be 
determined using Equation 3.6. 
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Table 3.2 – Countercurrent Flow Air Stripping Column with Pall Rings 
 
Molar 
Air 
Flow, V 
(mol/s) 
Molar 
Liquid 
Flow, L 
(mol/s) 
Henry's Law 
Equilibrium 
Constant, m 
(30℃) 
a, 
(m
2
/m
3
) 
ω, 
(m
3
) 
Absorption 
Factor, A 
X2 
(mg/L) 
X1 
(mg/L) 
Number of 
Transfer 
Units, NTU 
Height of 
Transfer 
Units, HTU 
(m) 
Total Mass 
Transfer 
Factor, Kx 
(mol/(m
2
.s)  
0.134 0.154 1.22 194 0.0284 0.942 691 282 1.39 0.719 0.0390 
0.134 0.231 1.22 194 0.0284 1.41 691 336 1.38 0.722 0.0583 
0.134 0.309 1.22 194 0.0284 1.88 691 409 1.07 0.936 0.0600 
0.134 0.386 1.22 194 0.0284 2.36 691 442 1.07 0.936 0.0750 
0.134 0.463 1.22 194 0.0284 2.83 691 468 1.11 0.899 0.0937 
0.134 0.540 1.22 194 0.0284 3.30 691 496 1.01 0.995 0.0988 
0.134 0.617 1.22 194 0.0284 3.77 691 516 1.01 0.994 0.1130 
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Table 3.3 – Countercurrent Flow Air Stripping Column with Hackettens 
 
Molar 
Air 
Flow, V 
(mol/s) 
Molar 
Liquid 
Flow, L 
(mol/s) 
Henry's 
Law 
Equilibrium 
Constant, 
m (30℃) 
a, 
(m
2
/m
3
) 
ω, 
(m
3
) 
Absorption 
Factor, A 
X2 
(mg/L) 
X1 
(mg/L) 
Number of 
Transfer 
Units, NTU 
Height of 
Transfer 
Units, HTU 
(m) 
Total Mass 
Transfer Factor, 
Kx (mol/(m
2
.s)  
0.134 0.154 1.22 118 0.0284 0.942 691 357 0.913 1.10 0.0210 
0.134 0.231 1.22 118 0.0284 1.41 691 417 0.769 1.30 0.0265 
0.134 0.309 1.22 118 0.0284 1.88 691 450 0.723 1.38 0.0332 
0.134 0.386 1.22 118 0.0284 2.36 691 487 0.620 1.61 0.0356 
0.134 0.463 1.22 118 0.0284 2.83 691 506 0.602 1.66 0.0415 
0.134 0.540 1.22 118 0.0284 3.30 691 526 0.553 1.81 0.0445 
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 After the testing was done, the ammonia removal for each test was analyzed. A 
comparison of removal efficiencies is shown in Tables 3.4 and 3.5. As shown in these tables, a 
slower liquid flow yielded the highest percent reduction in ammonia. The amount of ammonia 
removed from the wastewater stream dropped from 59% (10 L/h) to 28% (35 L/h) with the use 
of pall rings and from 48% (10 L/h) to 24% (35 L/h) with the use of hackettens. Also notable 
was that the use of pall rings as packing material was slightly more efficient compared to the use 
of hackettens. In the column with pall rings, 59% of ammonia was removed at wastewater flow 
of 10 liters per hour, while at the same flow rate, only 48% of ammonia was removed from the 
wastewater stream in the column with hackettens.  
 
Table 3.4 – Removal Efficiency of NH3 with Pall Ring Packing 
L 
(liters/h) 
X1 X2 
Percent 
NH3 
Removed 
10 282 691 59.1 
15 336 691 51.3 
20 409 691 40.9 
25 442 691 36.1 
30 468 691 32.2 
35 496 691 28.2 
40 516 691 25.3 
 
Table 3.5 – Removal Efficiency of NH3 with Hacketten Packing 
L 
(liters/h) 
X1 X2 
Percent 
NH3 
Removed 
10 357 691 48.4 
15 417 691 39.7 
20 450 691 34.8 
25 487 691 29.5 
30 506 691 26.8 
35 526 691 23.8 
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3.3 Efficiency of Air Stripping Process 
 The last step in this project and the focus of this MQP was to measure the removal 
efficiency of ammonia at a full scale diffused aerator air stripping process. The objective was to 
test the air stripping process design on leachate being treated by a full scale air stripping unit in 
the Shanghai Laogang Waste Disposal Facility and to verify model parameters.  
 Within the landfill, there were three separate sections in which air stripping of leachate 
took place. Three samples were taken from each of the three sections. One sample consisted of 
the untreated leachate from each section, the second sample was partially treated leachate before 
air stripping but after oxidation and coagulation, and the third sample was taken from each site 
after air stripping.  
 The first site is located in the north and is a very small test area in comparison to the rest 
of the landfill, handling 15 tonnes per day. Figure 3.10 shows the small pool in which the 
untreated leachate was obtained.  
 
Figure 3.10 - North Site Leachate Pool 
 
 
Leachate flowed from this pool to the oxidation and coagulation treatment phase and then 
through the air stripping unit. The south site is divided into two parts. The first part is relatively 
large and handles 600 tonnes of leachate per day and the second part handles 400 tonnes of 
leachate per day. The treatment process was similar in all three sites except the air stripping 
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parameters differed in each site. The following chapters describe the sample collection and 
testing procedures as well as the results of this phase of the project. 
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4 Analytical Methods 
 
 Nine samples were obtained from the Shanghai Laogang Waste Disposal Facility on 
October 29
th
, 2008. Each sample was at least 500 mL. Three samples were obtained from each 
site where air stripping took place. In the laboratory, these samples were tested for ammonia 
concentration, total nitrogen concentration, and COD. This chapter provides details of the 
analytical methods used to measure leachate quality. Results were then used to determine how 
successful the air stripping design implemented at the Shanghai solid waste landfill was for 
reducing COD, ammonia, and total nitrogen as well as to verify model parameters.  
 
4.1 Ammonia Concentration 
 The first parameter measured for each sample was the concentration of ammonia. One 
control sample of distilled water was also measured. 20 mL of a leachate sample (or distilled 
water) was put into a beaker with a magnetic stirrer. Then, 450 μL of 10 molar sodium hydroxide 
(NaOH) was added to the sample to convert ammonium ion (NH4
+
) into ammonia (NH3) and to 
increase the pH to above 12. After the NaOH was mixed with the sample, an ammonia electrode 
was placed into the mixture and the reading recorded. This process was repeated for each of the 
remaining samples.  
 This measurement was performed again on five standards that had known ammonia 
concentrations. First, a stock solution was made by adding 0.7218 grams of KNO3 to 100 mL of 
distilled water. Then 0.5, 0.7, 1.0, 5.0, and 10 mL, respectively, of the KNO3 mixture were added 
to five test tubes each containing 10 mL of distilled water. This resulted in standards with 
ammonia concentrations of 10, 50, 100, 500, and 1000 mg/L. The ammonia concentration was 
then measured for each known ammonia standard and the electrode reading recorded. A standard 
curve was then created with the log of ammonia concentration on the Y axis and the electrode 
reading on the X axis. The standard curve is shown in Figure 4.1. The linear regression line for 
this standard curve is shown in Equation 4.1. 
 
    𝑦 =  −0.0171𝑥 + 0.0553     (Equation 4.1) 
 
 where:   y = the log of ammonia concentration  
   x = the electrode reading  
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Equation 4.1 was used to determine the concentration of ammonia in the nine samples and one 
control by substituting the electrode reading for x and solving for y.  
  
 
Figure 4.1 – Standard Curve for Electrode Readings vs. Log of Ammonia Concentration 
 
 As discussed in section 5.3, it was suspected that one of the chemicals added to the 
leachate during oxidation or coagulation was contributing to an increase in the concentration of 
ammonia and total nitrogen. Therefore, additional samples of the H2SO4 that was added between 
oxidation and coagulation were collected on November 30
th
, 2008. The ammonia concentration 
in the H2SO4 was measured using the procedure described above, except with the H2SO4 diluted 
by a factor of 100. 
 
4.2 Total Nitrogen 
 The total nitrogen concentration in each sample was measured using a spectrophotometer. 
Two test tubes were used for each of the nine samples and a control sample of distilled water. 
Each test tube contained 25 μL of its respective leachate or distilled water sample. Enough 
distilled water was added to each test tube to bring the volume to 10 mL. Then, 40 grams of 
K2S2O8 and 15 grams of sodium hydroxide (NaOH) were mixed with 1000 mL of distilled water. 
5 mL of this mixture was added to each test tube to convert all nitrogen forms into ammonia. 
Then each sample was subjected to 100 kPa of pressure for 30 minutes to speed up the reaction. 
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After the half hour had passed, 1 mL of 0.1 molar HCl and 14 mL of distilled water was added to 
each sample, bringing the total volume of each sample to 30 mL. Each sample was then put into 
a UV spectrometer using a 10 mm quartz cuvette. Each sample was tested twice in the UV 
spectrometer, once at a wavelength of 220 nm and again at 275 nm. Equation 4.1 was used to 
determine the absorbance of each sample. 
 
                       𝑨𝒔 =  𝑨𝟐𝟐𝟎 × 𝟐𝑨𝟐𝟕𝟓    (Equation 4.1) 
 
 Where:  As = Absorbance  
   A220 = Absorbance at 220 nm 
   A275 = Absorbance at 275 nm 
 
Before testing the actual samples, a standard curve was made by testing samples of known total 
nitrogen concentrations (0.0, 1.0, 3.0, 5.0, 7.0, and 10 mg/L). The curve is shown in Figure 4.2. 
 Each sample was measured in duplicate at both wavelengths and thus had two absorbance 
(As) results. Those results were averaged and the absorbance of the average blank samples was 
subtracted from the absorbance of each sample. Then, using the standard curve in Figure 4.2, the 
nitrogen concentration (y) was determined based on the calculated absorbance (x) of each 
sample. Finally, the concentrations were multiplied by 400 because the samples were each 
diluted by a factor of 400 at the beginning of the test. 
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Figure 4.2 – Total Nitrogen Standard Curve  
 
4.3 Chemical Oxygen Demand 
 Two sets of samples were tested for COD concentration: one set from the north site and 
one set from the larger pool in the south site. The sample set from the smaller pool in the south 
site was not tested because there was not enough remaining volume in the samples to run the 
COD tests. While reducing COD was not the objective of the air stripping process, it was still 
useful to determine if air stripping had an effect on COD. The COD samples were analyzed in 
duplicate along with distilled water samples. The samples were collected from each step (before 
treatment, before air stripping, and after air stripping) in the north site and from the larger pool in 
the south site.   
 The blank samples of distilled water and the treated leachate (before and after air 
stripping) each contained 10 mL. The original leachate samples contained 2 mL of leachate 
sample and 8 mL of distilled water in order to dilute each sample 5 times. The leachate samples 
needed to be diluted because if the COD concentration was too high, then the COD could not be 
measured. Added to each sample was 0.6 g of HgSO4. Then, 5 mL of 0.25 mol/L K2Cr2O7 was 
added to each sample to oxidize the organic chemicals in order to detect the COD.  5 g of AgSO4 
was mixed into 500 mL of H2SO4 to act as a catalyst and 15 mL of this mixture was added to 
each sample. All samples were then boiled at 200°C for 2 hours. Meanwhile, a titrant comprised 
of 19.75 grams of ammonium iron (II) sulfate hexahydrate ((NH4)2Fe(SO4)2 . 6H2O), 20 mL of 
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sulfuric acid and 300 mL of distilled water was prepared to be used for titration. The titrant had a 
molar concentration of 0.05 mol/L.   
 After the samples finished boiling, each sample was poured into a flask and 3 drops of 
phenanthroline (C12H8N2 . H2O) was added to each. The phenanthroline acted as a color indicator 
for titration. The ammonium iron titrant was slowly titrated into each sample until the sample 
turned from orange to dark red. The amount of titrant required for the each sample to change 
color was recorded. Duplicate measurements were done for each of the samples and the results 
were averaged. The COD of each sample was calculated using Equation 4.2. 
 
   𝑪𝑶𝑫 =   
 𝑽𝒐− 𝑽𝒇 ×𝑪 ×𝟖 ×𝟏𝟎𝟎𝟎
𝑽
     (Equation 4.2) 
 
Where: Vo = Volume of titrant required in blank sample (mL) 
  Vf = Volume of titrant required in a given sample (mL) 
  C = Molar concentration of titrant (mol/L) 
  V = Total volume of sample (mL) 
 
 This equation calculated the COD of the samples relative to the COD that of the distilled 
water samples. The distilled water samples require a higher quantity of titrant than the test 
samples. A relatively low titrant requirement would indicate a high COD based on Equation 4.2. 
The equation was multiplied by 5 for the leachate samples because at the beginning of the 
experiment each leachate sample was diluted 5 times.   
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5 Results and Analysis 
 
 The main objective of this MQP was to measure the ammonia and total nitrogen removal 
efficiency of the diffused aerator air stripping process constructed at the SLWDF and to verify 
model parameters. Additionally, COD was monitored to determine if air stripping affected this 
parameter. The results and analysis of those tests are presented in this chapter. All figures refer to 
the samples as either “before treatment” (pure leachate), “before air stripping” (after oxidation 
and coagulation but before air stripping), or “after air stripping.” 
 
5.1 Ammonia Concentration 
 Figure 5.1 summarizes the results from the ammonia concentration tests. The results from 
each site show that ammonia concentration increased after oxidation and coagulation treatment 
and then decreased after air stripping. In the north site, the leachate had an ammonia 
concentration of 20 mg/L. Before air stripping, the concentration increased to 528 mg/L and after 
air stripping, the concentration decreased by 4.0% to 508 mg/L. The large pool in the south site 
had a leachate concentration of 469 mg/L ammonia. Before air stripping, the concentration 
increased to 1,471 mg/L and after air stripping it decreased by 8.0% to 1359 mg/L. The leachate 
in the smaller pool from the south site started with a concentration of 528 mg/L. Then the 
concentration increased to 1,116 mg/L before air stripping and then decreased by 15% to 954 
mg/L after air stripping. Data from the tests can be found in Appendix B. 
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Figure 5.1 – Ammonia Concentration Results 
 
 
5.2 Total Nitrogen Concentration 
 The results from the total nitrogen tests are shown in Figure 5.2. The results indicate a 
clear pattern of low concentrations before treatment that increase during oxidation and 
coagulation. At the south sites, the total nitrogen concentration decreases after air stripping while 
nitrogen increased after air stripping at the north site.  
 In the north site, leachate started with a low total nitrogen concentration (81 mg/L). 
Before air stripping, the concentration increased to 1,186 mg/L and after air stripping, the 
concentration increased further to 1,540 mg/L. In the larger pool in the south site, the leachate 
had a total concentration of 799 mg/L and it increased to 2,461 mg/L before air stripping. After 
air stripping, the concentration decreased by 29% to 1,753 mg/L. In the smaller pool in the south 
site, the leachate has a much higher concentration of total nitrogen, 1,445 mg/L, than the other 
two sample sets. After oxidation and coagulation, the concentration increased to 1,806 mg/L and 
then decreased by 8.0% to 1,661 mg/L. Data for the total nitrogen testing can be found in 
Appendix C. 
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Figure 5.2 – Total Nitrogen Concentration Results 
 
5.3 Ammonia Concentration in H2SO4 
 It was suspected that one of the chemicals used in the oxidation and coagulation 
treatment process could be responsible for the increased ammonia concentration in the samples. 
It was found that the sulfuric acid (H2SO4) had an extremely high ammonia concentration, 
64,328 mg/L. However, it is not likely that the sulfuric acid was the sole cause of the significant 
increase in ammonia concentration during oxidation and coagulation treatment. Two kg of 
sulfuric acid was added per 1 metric ton of leachate, therefore, the leachate would contain only a 
small percentage of sulfuric acid (0.2%). As a result, the addition of sulfuric acid increased the 
ammonia concentration by 129 mg/L. As shown in Figure 5.1, ammonia concentrations after 
oxidation and coagulation increased from 469 and 528 mg/L to 1471 and 1116 mg/L, 
respectively. Data for this test can be found in Appendix B. 
 
5.4 COD  
 While reducing COD through air stripping was not the main objective of the treatment 
process, two of the sample sets showed a noticeable decrease in COD after air stripping. Figure 
5.3 summarizes the COD test results. 
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Figure 5.3 – COD Results 
 
 The oxidation and coagulation treatment process significantly reduced COD. In the north 
site, COD decreased 57%, from 595 mg/L to 256 mg/L. The air stripping process further reduced 
COD by 27% in the north site, decreasing it to 186 mg/L. In the large pool in the south site, 
leachate had a COD of 1490 mg/L and the oxidation and coagulation process reduced the COD 
to 690, decreasing it by 54%. Air stripping reduced COD by an additional 288 mg/L (42%) in the 
south site. Overall, COD was reduced by a total of 68% in the north site and 73% in the large 
pool in the south site. The data for the COD tests can be found in Appendix D.  
 
5.5 Verification of Model Parameters 
 The air stripping process at the SLWDF was a diffused aerator air stripping process based 
on the model developed by Professor Zhemin Shen and graduate student Sun Hua. The model 
parameters (see Equation 3.1) at the SLWFD are shown in Table 5.1. Values for Q, V and time 
were provided by SLWFD. The Henry’s Law constant (m) was calculated as shown in Appendix 
A for a temperature of 15°C. The ammonia concentrations (X0 and X1) were measured as part of 
this MQP. Finally, the mass transfer rate constant (Kl) was calculated per Equation 3.1. 
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Table 5.1 – Air Stripping Parameters at Shanghai Laogang Waste Disposal Facility, Ltd. 
Site Q (m
3
/s) V (m
3
) time (s) m 
X0 
(mg/L) 
Xt 
(mg/L) 
Kl (s
-1
) 
South 1 0.0333 8.00 3600 0.5954 1470 1359 2.20E-05 
South 2 0.0167 26.25 10080 0.5954 1116 954 1.61E-05 
North 0.0083 2.00 2880 0.5954 528 508 1.37E-05 
 
 A curve was made by plotting Kl on the y axis and air flow divided by volume (Q/V) on 
the x axis. The curve is shown in Figure 5.4. The data from the laboratory experiments were also 
included in this plot. Using all of the data, the relationship between Kl and Q/V was established 
and is shown in Equation 5.1. 
     𝒚 = 𝟐 × 𝟏𝟎−𝟓𝒆𝟗.𝟒𝟐𝟎𝟕𝒙    (Equation 5.1) 
 
Where: y = Kl (s
-1
) 
  x = Q/V (m
3
/s/m
3
) 
 
 Equation 5.1 calculated Kl for all but one data point within a 6.0% margin of error 
according to the data from the air stripping tower used in the laboratory and the full-scale air 
stripping process at the SLWDF. Using this relationship, one can input the air flow and volume 
parameters and generate a Kl value and then use the Kl in the model (Equation 3.1) to determine 
how much ammonia can be removed with the selected parameters.  
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Figure 5.4 – Kl vs. Q/V 
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6 Diffused Aeration Air Stripper Design 
 
 The results from section 5 show that the diffused aeration air stripping unit set up at the 
SLWDF had fairly low ammonia and total nitrogen removal percentages. The amount of 
ammonia and total nitrogen removed ranged from 4 – 15% and 0 – 29%, respectively. With 
model parameters verified and Kl defined in terms of air flow, Q, and batch volume, V, a more 
effective air stripping unit could be designed to remove a larger percentage of ammonia. The 
goal is to remove at least 80% of ammonia from landfill leachate while meeting a treatment 
demand of 1000 m
3
/day (43 m
3
/hr). 
 
6.1 Optimum Diffused Aerator Air Stripping Design 
 Analysis of Equation 3.1 revealed that there are four variables that affect the removal 
efficiency of the diffused aeration air stripping process. These variables were temperature, 
retention time, batch volume, and air flow rate. The baseline values used for each variable and 
the parameters used in the SLWDF air stripping process are shown in Table 6.1. For air flow 
rate, a value of 0.04 m
3
/s was selected because it is a fairly typical air flow rate used in air 
stripping processes. An air flow rate higher than 0.04 m
3
/s would require more electricity, 
increase the annual cost of an air stripper. A batch volume of 43 m
3
 was selected after 
determining that 1000 m
3
 of leachate would need to be treated each day. The treatment time was 
representative of the current operating conditions while the baseline temperature was selected 
because 20°C is an easily obtainable temperature not requiring much heating. The baseline 
parameters were changed one at a time in the analysis of the model in order to determine the 
impact each variable had on ammonia removal.   
 
Table 6.1 – Facility and Baseline Design Parameters 
Application Site 
Air flow 
(m3/s) 
Batch 
Volume (m3) 
Treatment 
Time (hrs) 
Temperature 
(°C) 
Ammonia 
Reduction (%) 
Facility 
Testing 
South 1 0.033 8 1 15 7 
South 2 0.0167 26 2.8 15 18 
North 0.0083 2 0.8 15 6 
Model 
Testing Baseline 0.04 43 1 20 7 
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6.1.1 Temperature 
 While adjusting treatment temperature did influence the removal efficiency of ammonia, 
the influence was minimal. Temperature values from 0 to 40°C were evaluated and the removal 
of ammonia increased only by 0.08% when the temperature was increased from 0°C to 40°C. 
Based on that finding, changing temperature is impractical. Adjusting the temperature in order to 
only increase ammonia removal by 0.08% would be unjustified considering the energy costs that 
would arise as a result of keeping the air stripping process heated.  
 
6.1.2 Air Flow Rate 
 In air stripping operations, the higher the air flow rate, the higher the removal efficiency. 
It is important to keep in mind that increasing air flow rate increases the electricity usage which 
increases the annual operating cost of an air stripping unit. The main costs associated with 
diffused aeration air stripping are the electricity costs in the air pumps. Air flow rates from 500 – 
700 gallons/minute (0.032 – 0.045 m3/sec) are typically used in air stripping processes already in 
use at many landfill leachate treatment sites (Beranek, 2001; Federal Remediation Technologies 
Roundtable, 2009; US Department of Energy, 1995; Ireland Environmental Protection Agency, 
2000). Using an air flow rate with in this range results in removal efficiencies below 10% if 
batch volume is kept low (around 43 m
3
) as shown in Table 6.2. Substantially increased 
ammonia removal is only achieved with impractically high air flow rates. 
 
Table 6.2 – Effect of Air Flow Rate of Ammonia Reduction 
  
Air Flow 
(m
3
/s) 
Batch 
Volume (m
3
) 
Treatment 
Time (hrs) 
Temperature 
(°C) 
Ammonia 
Reduction (%) 
Baseline 0.040 43 1 20 6.9 
C
h
an
g
e 
in
 A
ir
 F
lo
w
 R
at
e 0.010 43 1 20 6.7 
0.015 43 1 20 6.8 
0.020 43 1 20 6.8 
0.025 43 1 20 6.9 
0.030 43 1 20 6.9 
0.035 43 1 20 6.9 
0.040 43 1 20 6.9 
0.045 43 1 20 6.9 
0.050 43 1 20 6.9 
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6.1.3 Batch Volume and Treatment Time 
 According to the models in Equations 3.1 and 5.1, decreasing batch volume and 
increasing treatment time have a positive effect on ammonia removal. When there is a specific 
rate at which leachate needs to be treated (1000 m
3
/day at the SLWDF), batch volume, total 
treatment volume, and time become interrelated. If one is changed, then the other must be 
adjusted as well in order to meet the daily treatment demand. Table 6.3 shows the effects of 
changing treatment time and batch volume. In the baseline case, twenty four separate batches of 
43 m
3
 each are treated for 1 hour per batch to meet the daily demand. This was adjusted in one 
hour increments to a maximum batch volume of 1000 m
3
, where a single batch is treated for an 
entire day (24 hours). 
 Table 6.3 shows that up to 72% of ammonia can be removed if a batch volume of 1000 
m
3
 and a treatment time of 24 hours is used. While the model indicates that reducing batch 
volume increases ammonia removal, this result assumes a constant treatment time. The treatment 
time has a larger effect on ammonia removal than batch volume does, and therefore a single 
batch which maximizes treatment time also maximizes ammonia removal. 
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Table 6.3 – 24 Batches with One Hour Treatment Time vs. 1 Batch with a 24 Hour 
Treatment Time 
  
Air Flow 
(m
3
/s) 
Batch Volume 
(m
3
) 
Treatment 
Time (hrs) 
Temperature 
(°C) 
Ammonia 
Reduction (%) 
Baseline 0.040 43 1 20 6.6 
C
h
an
g
e 
in
 V
o
lu
m
e 
an
d
 T
re
at
m
en
t 
T
im
e
 
0.040 84 2 20 13 
0.040 125 3 20 19 
0.040 167 4 20 24 
0.040 209 5 20 29 
0.040 250 6 20 33 
0.040 292 7 20 37 
0.040 334 8 20 40 
0.040 375 9 20 44 
0.040 417 10 20 47 
0.040 459 11 20 50 
0.040 500 12 20 52 
0.040 542 13 20 55 
0.040 584 14 20 57 
0.040 625 15 20 59 
0.040 667 16 20 61 
0.040 709 17 20 63 
0.040 750 18 20 64 
0.040 792 19 20 66 
0.040 834 20 20 67 
0.040 875 21 20 68 
0.040 917 22 20 70 
0.040 959 23 20 71 
0.040 1000 24 20 72 
   
 
6.1.4 Ideal Diffused Aeration Air Stripping Design 
 The recommended design parameters found in the analysis of Equations 3.1 and 5.1 are 
as follows: 
 Temperature: 20°C 
 Air Flow Rate: 0.04 m3/s 
 Batch Volume: 1000 m3 
 Treatment Time: 24 hours 
 Kl: 2.00075 x 10-5 s-1 
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These parameters allow for 72% of ammonia to be removed from landfill leachate if the daily 
treatment rate is 1000 m
3
/day. This appears to be the greatest amount of ammonia that can be 
removed under these conditions using the model in Equation 3.1. Therefore, the goal of 
designing a diffused aeration air stripper using this model that removed around 80% of ammonia 
was not met.  
 In order to calculate the cost of an air stripping unit in comparison to alternative 
treatment processes, a cost analysis program called CAPCOST was used. CAPCOST calculates 
cost by having the user input factors such as the equipment required (air pumps, storage tanks, 
etc.) and then provides the cost of the process along with the annual cost of utilities required to 
operate the process. The program also accounts for inflation by requiring input of a yearly index 
factor called the Chemical Engineering Plant Cost Index (CEPCI). This index can be found at 
www.che.com/pci. Using the recommended design parameters results in a cost (installation and 
equipment) of $1,040,000 and an annual utilities cost of $79,800 (Turton et. al., 1998). 
 
6.2 Alternatives 
 Because the goal of removing 80% of ammonia from landfill leachate was not met using 
the model in Equation 3.1 for a diffused aeration air stripper, alternative treatments were 
considered. When considering alternative treatments, the removal efficiency was first 
considered, and then the cost of the treatment was then taken into account in determining 
whether or not it is a good alternative treatment for removing ammonia from landfill leachate. A 
sequencing batch reactor and a disk-tube reverse osmosis treatment system were considered as 
alternative leachate treatments.  
 
6.2.1 Sequencing Batch Reactor 
 A sequencing batch reactor (SBR) is a low technology aeration method consisting of 
several stages: tank filling, aeration, settlement, discharge, and sludge withdrawal (Organics 
Group PLC, 2009). The process utilizes nitrifying bacteria within the SBR to remove ammonia 
and biological oxygen demand. In short, a batch of leachate is pumped to a bio-reactor and 
several process phases begin including biological conversion of organic pollutants, nitrification, 
denitrification, and biological phosphate uptake (Organics Group PLC, 2009). After these 
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processes occur, mixing and aeration occur. Then the activated sludge settles and the leachate is 
removed.  
 SBRs may be a good treatment alternative because they are a simple technology and have 
very low maintenance. The cost of a SBR was calculated using the same program used in 
calculating the cost of air stripping. SBRs have a relatively low cost, compared to a diffused 
aeration air stripper, with a cost of $890,000 and the annual utilities being $53,000. 
Unfortunately, SBRs are not extremely effective in removing ammonia from landfill leachate. 
Up to 70% of ammonia can be removed if the influent leachate is highly concentrated, but if it is 
dilute, removal efficiencies can be as low as 35% (Neczaj, 2005). Despite the low cost, SBRs are 
not a good alternative for ammonia removal and would be better suited as a pretreatment step as 
they are effective in reducing COD and BOD.  
 
6.2.2 Disk-Tube Reverse Osmosis 
 Disk-tube reverse osmosis (DT-RO) has been used at more than 200 landfill sites 
worldwide since 1988 (Liu, 2008). This specific type of membrane configuration has an open 
channel module which allows for high efficiency cleaning that prevents the scaling and fouling 
common in most reverse osmosis treatment systems. Scaling and fouling is further prevented by 
the open channel design by enabling any suspended solids in the leachate to flow freely and not 
be allowed to settle out or get trapped in the membrane, saving money in maintenance and 
cleaning costs. The disk-tube reverse osmosis system can handle a daily treatment demand of 
2,400 m
3
/day (Rochem Technical Services, 2009). Compared with other treatments, however, the 
disk-tube reverse osmosis system has many steps as shown in Figure 6.1 (Liu, 2008). 
 
 
Figure 6.1 - Disk-Tube Reverse Osmosis Process 
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 A disk-tube reverse osmosis system with one stage can remove between 72 and 88% of 
ammonia. A system with two stages can remove 83 – 96%. This system has very high ammonia 
removal efficiency, but it does require diligent cleaning to ensure that removal efficiencies stay 
high. Every 100 hours, alkaline cleaning is required and every 500 hours, acidic cleaning is 
required. The cost of this process is higher than with air stripping or SBRs because of the amount 
of equipment required. The cost of a disk-tube reverse osmosis system was calculated the same 
way as the previous two treatment processes discussed. The cost would be $1,780,000 and the 
annual utilities cost would be $106,000. 
 
6.2.3 Design Conclusion 
 Considering the treatment alternatives, the diffused aerator air stripping design would be 
the best option in removing ammonia. SBRs do not remove enough ammonia, and the effective 
disk-tube reverse osmosis treatment system would be much more expensive than the air 
stripping. While the air stripping design did not meet the goal of removing 80% of ammonia 
from landfill leachate, the optimized design did greatly increase the ammonia removal (70%) 
compared to the current operation at the landfill (less than 20%). 
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7 Conclusions and Recommendations 
 
 In order to determine how effective the air stripping process was for removing ammonia 
and total nitrogen, samples from a full scale facility in Shanghai were analyzed. Conclusions 
about the air stripping process and the air stripping model are presented here along with 
recommendations on how to possibly improve it.  
 
7.1 Conclusions 
 Samples were collected from three locations at the Shanghai Loagang Waste Disposal 
Facility. In all cases, the oxidation and coagulation treatment process increased the ammonia and 
total nitrogen concentrations by a significant amount. Further analysis revealed that sulfuric acid 
was added to the leachate after oxidation but before coagulation to help stabilize the pH. The 
sulfuric acid had an ammonia concentration of 64,328 mg/L, which resulted in a 129 mg/L 
increase in ammonia and total nitrogen. Therefore, a second explanation for increasing nitrogen 
concentration is still needed. 
 Ammonia concentrations were decreased at all sites by air stripping. Total nitrogen 
concentrations were also decreased by air stripping at the south sites, but increased at the north 
site. It is hypothesized that the process was malfunctioning during sampling but this was not 
confirmed during the project period. Considering the south sites, air stripping reduced ammonia 
by 8 – 15%, total nitrogen by 8 – 29 %, and COD by 42%. 
 The parameters of the diffused aerator model were verified and a relationship was 
developed between the value of Kl and air flow divided by treatment volume. The relationship of 
these parameters and the air stripping model can be used to determine the optimum design 
parameters for future air stripping processes to reduce the ammonia concentration in leachate. 
 After analyzing the diffused aeration air stripping unit process, it was found that 
increasing the treatment time had a significant impact on ammonia removal efficiency. With a 
daily treatment requirement of 1000 m
3
/day of leachate, up to 70% of ammonia could be 
removed using a batch volume of 1000 m
3
, an air flow rate of 0.04 m
3
/sec, and a retention time 
of 24 hours.  
 Alternative treatments were considered and compared to the diffused aeration air 
stripping treatment. Sequencing Batch Reactors (SBR) and disk-tube reverse osmosis treatments 
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were considered. SBR technology is not as efficient in removing ammonia as air stripping and 
did not appear to be a good alternative. The disk-tube reverse osmosis is a viable treatment 
alternative to air stripping for ammonia removal but is more expensive. 
 
7.2 Recommendations 
 The first recommendation is to reevaluate the north site to determine if the stripping 
process is operating properly. If it appears that the north site treatment process is running 
properly, then more samples should be collected and tested to determine if the results in this 
report are in error, or if the treatment process needs to be modified. 
 The next recommendation is to change the operating parameters such as air flow rate, 
batch volume, and retention time in all three sites and predict the decrease in ammonia 
concentration using the model and then compare the model’s predictions of effluent quality to 
the actual effluent quality. Increasing the air flow rate and retention time and decreasing the 
batch volume may increase ammonia and total nitrogen removal. This will further validate the air 
stripping model. 
 The final recommendation is to gather more data. In this MQP, a limited number of 
samples were collected due to time constraints. Repeating all of the tests several times with 
several different sample sets from each site would strengthen findings and allow for stronger 
conclusions. 
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Appendix A – Henry’s Law 
 
 Table A.1 was used in the air stripping portion of the project and was assembled by Sun 
Hua using the equation below.   
ln 𝐾𝐻 =  −8.09694 +
3917.50
𝑇
−  0.00314 𝑇 
In this equation, T is temperature in Kelvin. First, ln(KH) was calculated using the above 
equation and then KH was calculated. H was found by dividing the 1/ KH term by 0.0001676 to 
change the units from kg.atm/mol to kPa. Finally, the equilibrium constant, m, was calculated by 
dividing H by 101.325 kPa.  
 
Table A.0.1 – Henry’s Law Constants 
Temperature 
(℃) 
Temperature 
(K) 
ln(KH) 
KH 
(mol/kg*atm) 
1/KH 
(kg.atm/mol) 
H (kPa) 
Equilibrium 
Constant, m 
0 273 5.39 218 0.00458 27.3 0.269 
5 278 5.11 166 0.00602 35.9 0.354 
10 283 4.85 128 0.00784 46.7 0.461 
15 288 4.59 98.8 0.0101 60.3 0.595 
20 293 4.35 77.1 0.0130 77.3 0.763 
25 298 4.11 60.7 0.0165 98.2 0.969 
30 303 3.87 48.1 0.0208 124 1.22 
35 308 3.65 38.4 0.0260 155 1.53 
40 313 3.43 30.9 0.0324 193 1.91 
45 318 3.22 25.0 0.0401 239 2.36 
50 323 3.01 20.3 0.0493 294 2.90 
55 328 2.81 16.6 0.0602 359 3.54 
28 301 3.97 52.7 0.0190 113 1.12 
31 304 3.83 46.0 0.0218 130 1.28 
22 295 4.25 70.0 0.0143 85.1 0.840 
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Appendix B – Ammonia Concentration Data 
  
 Table B.1 displays the data taken during the ammonia concentration test. Using Figure 
4.1, the log of concentration could be determined using the electrode readings. Then, taking the 
antilog of the log of concentration would yield the ammonia concentration of each sample. The 
same calculations were made when determining the ammonia concentration in the H2SO4 used in 
the oxidation and coagulation process and the data is shown in Table B.2. 
 
Table B.0.1 – Ammonia Concentration Data 
Sample 
Electrode 
Reading 
Log of 
concentration 
Concentration 
(mg/L) 
North Site -73 1.30 20.1 
Before Air Stripping -169 2.95 528 
After Air Stripping -177 3.08 508 
South Site Pool 1 -153 2.67 469 
Before Air Stripping -182 3.17 1,471 
After Air Stripping -180 3.13 1,359 
South Site Pool 2 -156 2.72 528 
Before Air Stripping -175 3.05 1,116 
After Air Stripping -171 2.98 954 
 
 
Table B.0.2 – Ammonia Concentration of H2SO4 
Sample 
Electrode 
Reading 
Log of 
Concentration 
Concentration 
(mg/L) 
H2SO4 -161 2.81 64,328 
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Appendix C – Total Nitrogen Data 
 Table C.1 shows the data and calculations obtained during the total nitrogen test. As was 
calculated using Equation 4.1 and it was averaged for each sample. Then, the blank absorbance 
was subtracted from each sample’s absorbance. Using the standard curve in Figure 4.2, that 
number could be used to determine the total nitrogen in each sample. The total nitrogen obtained 
from the curve was multiplied by 400 because each sample was initially diluted by a factor of 
400. 
 
Table C.0.1 – Total Nitrogen Test Data 
Sample 
A220 
(nm) 
A275 
(nm) 
As 
(nm) 
Average 
As (nm) 
Average 
As minus 
Blank As 
Total 
Nitrogen 
(mg/L) 
Blank 
Blank 1       
0.976 - - 
Blank 2       
North 
Site 
Before Treatment 1 1.05 0.011 1.03 
0.988 0.0123 80.8 
Before Treatment 2 0.968 0.009 0.950 
Before Air Stripping 1 1.20 0.016 1.17 
1.1565 0.180 1,186 
Before Air Stripping 2 1.17 0.010 1.15 
After Air Stripping 1 1.21 0.007 1.20 
1.2105 0.235 1,540 
After Air Stripping 2 1.24 0.007 1.22 
South 
Site 
Large 
Pool 
Before Treatment 1 1.11 0.007 1.09 
1.0975 0.123 799 
Before Treatment 2 1.12 0.010 1.10 
Before Air Stripping 1 1.38 0.011 1.36 
1.351 0.375 2,461 
Before Air Stripping 2 1.38 0.014 1.35 
After Air Stripping 1 1.26 0.017 1.23 
1.243 0.267 1,753 
After Air Stripping 2 1.28 0.007 1.26 
South 
Site 
Small 
Pool 
Before Treatment 1 1.25 0.008 1.23 
1.196 0.220 1,445 
Before Treatment 2 1.18 0.008 1.16 
Before Air Stripping 1 1.30 0.011 1.28 
1.251 0.275 1,806 
Before Air Stripping 2 1.24 0.007 1.22 
After Air Stripping 1 1.23 0.013 1.20 
1.229 0.253 1,661 
After Air Stripping 2 1.29 0.014 1.26 
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Appendix D – COD Test Data 
 Tables D.1 and D.2 display the data obtained from the COD test for the north site and 
large pool in the south site, respectively. The amount of titrant required in the blank samples 
were averaged for each data set to be used to calculate COD. The volume of tritrant required for 
each sample was put into Equation 4.2 and the COD was calculated. The samples labeled “before 
treatment” were diluted by a factor of 5 so when calculating COD, the equation had to be 
multiplied by 5.  
 In the north site, data was only obtained once for the sample “before treatment” because 
during the COD test, some of the contents of the sample spilled so accurate results could not be 
obtained from that specific sample.  
 
Table D.0.1– COD Data for North Site 
Sample 
Amount of 
Titrant 
Required (mL) 
COD 
(mg/L) 
Average 
COD (mg/L) 
Blank 24.85 - - 
Blank 24.9 - - 
Before Treatment 
(Leachate) 
21.9 595 595 
Before Air 
Stripping 
19.45 217 
256 
Before Air 
Stripping 
17.5 295 
After Air 
Stripping 
19.8 203 
186 
After Air 
Stripping 
20.65 169 
 
 
 
 
 
 
 
75 
 
Table D.0.2 – COD Data for Large Pool in South Site 
Sample 
Amount of 
Titrant 
Required (mL) 
COD 
(mg/L) 
Average 
COD (mg/L) 
Blank 25.6 - - 
Blank 25.4 - - 
Before Treatment 
(Leachate) 
18.3 1440 
1490 
Before Treatment 
(Leachate) 
17.8 1540 
Before Air 
Stripping 
8.1 696 
690 
Before Air 
Stripping 
8.4 684 
After Air 
Stripping 
15.1 416 
402 
After Air 
Stripping 
15.8 388 
 
 
 
 
 
 
 
